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SUMMARY

A simple epithelium forms a barrier between the outside and the inside of an organism, and is the
first organized multicellular tissue found in evolution. We examine the relationship between the
evolution of epithelia and specialized cell-cell adhesion proteins comprising the classical
cadherin/p-catenin/a-catenin complex (CCC). A review of the divergent functional properties of
the CCC in metazoans and non-metazoans, and an updated phylogenetic coverage of the CCC
using recent genomic data reveal: 1) The core CCC likely originated before the last common
ancestor of unikonts and their closest bikont sister taxa. 2) Formation of the CCC may have
constrained sequence evolution of the classical cadherin cytoplasmic domain and p-catenin in
metazoa. 3) The a-catenin binding domain in 3-catenin appears to be the favored mutation site for
disrupting p-catenin function in the CCC. 4) The ancestral function of the a/p-catenin heterodimer
appears to be an actin-binding module. In some metazoan groups, more complex functions of a-
catenin were gained by sequence divergence in the non-actin binding (N-, M-) domains. 5)
Allosteric regulation of a-catenin, rather than loss of function mutations, may have evolved for
more complex regulation of the actin cytoskeleton.
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I. INTRODUCTION

A simple epithelium is a conserved feature of all metazoans and is essential for organized
multicellularity. It is comprised of a closed monolayer, often a tube, of polarized cells that
surround a luminal space (Figure 1A), thus separating the inside of the organism from its
surrounding environment. The cytoskeleton, cytoplasmic organelles, and plasma membrane
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domains are organized asymmetrically, with the apical plasma membrane facing the luminal
space and the basolateral membrane contacting opposing cells and an extracellular matrix
(ECM) (Bryant and Mostov, 2008; Gumbiner, 2005; Nelson et al., 2013). Cell-cell adhesion
complexes hold epithelial cells together, and an ECM surrounds epithelial tubes. Disruptions
in epithelial polarity and cell-cell adhesion cause developmental defects and are found in
diseases in adult tissues (Benjamin and Nelson, 2008; Bullions et al., 1997; Kane et al.,
1996; Larue et al., 1996; Larue et al., 1994; Marchiando et al., 2010; Stepniak et al., 2009;
Torres et al., 1997; Watabe et al., 1994).

Simple epithelia predate the origin of metazoans and are the first organized tissues found in
evolution. They are present in two distinct lineages of unikonts: the amoebozoans
(Dictyostelium slime molds and their relatives), and the opisthokonts (eukaryotes) that
include metazoans, choanoflagellates and fungi, which are thought to have developed
multicellularity independently. First, the amoebozoan Dictyostelium discoideum requires a
polarized tip epithelium to form a fruiting body from aggregated amoebae (Dickinson et al.,
2011a). Second, simple epithelia constitute the core tissues of all metazoans: the feeding
chambers of porifera (sponges) are lined with an epithelium (choanoderm) comprised of
polarized choanocytes that directionally absorb nutrients from seawater (Leys and Hill,
2012), and the placozoan Trichoplax adhaerens consists of several thousand cells arranged
in an epithelial bilayer of which the ventral layer is required for nutrient absorption
(Schierwater et al., 2009; Srivastava et al., 2008). In morphologically complex animals, such
as mammals, epithelia define tissue architecture and regulate functionally diverse organs
such as the lung, gut, kidney, and epidermis. Thus, formation of a simple polarized
epithelium is a principal requirement for the evolution of organized multicellularity and the
functional diversification of tissues (Cereijido et al., 2004).

Classical cadherins are the primary molecules that mediate epithelial cell-cell adhesion in
metazoans (Halbleib and Nelson, 2006; Harris and Tepass, 2010). Classical cadherins are
defined by a cytoplasmic domain that binds adaptor proteins (catenins) that regulate
downstream signaling and actin cytoskeleton dynamics. Classical cadherins establish cell-
cell contacts, often in a discrete structure termed the Adherens Junction (AJ) located at the
boundary between the apical and basolateral membrane domains (Figure 1A) (Nelson,
2003). AJs are linked to a circumferential actomyosin belt, which generates dynamic forces
important for epithelial sheet remodeling and tissue morphogenesis, and epithelial tissue
integrity (Costa et al., 1998; Nagafuchi et al., 1994; Wessells et al., 1971). During cell-cell
contact formation, the actin and microtubule cytoskeletons are remodeled to mechanically
strengthen contacts, facilitate polarized vesicle trafficking, and maintain cell shape (Adams
and Nelson, 1998; Mellman and Nelson, 2008; Nejsum and Nelson, 2007).

The evolution of cadherin-mediated cell-cell adhesion coincided with the formation of
different body plans derived from epithelial sheets. Members of the cadherin and catenin
protein families [the cadherin-catenin complex (CCC)] are present in all metazoans and
many pre-metazoan unikonts (Abedin and King, 2008; Hulpiau et al., 2013; Hulpiau and van
Ray, 2009; Oda and Takeichi, 2011) (this study). Non-metazoan lineages do not possess a
complete set of CCC protein orthologs, and the ancestral function of these cell-cell adhesion
proteins in unicellular organisms is unclear. Furthermore, recent functional studies
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demonstrate divergent properties of the CCC within bilaterians (Desai et al., 2013;
Dickinson et al., 2011b; Drees et al., 2005; Kwiatkowski et al., 2010; Miller et al., 2013).

The CCC mechanically couples neighboring cells by trans interactions between cadherins
on opposing cells and linkage to the underlying actin cytoskeletons (Huveneers and de
Rooij, 2013; Shapiro and Weis, 2009). In general, the cadherin protein superfamily consists
of transmembrane proteins that contain extracellular cadherin repeat domains (CADSs)
(Boggon et al., 2002; Shapiro and Weis, 2009). Adhesive contacts between classical
cadherins require extracellular Ca2* for protein confirmation (Koch et al., 1997), and are
mediated by a strand swap dimer formed between the opposed N-terminal EC1 domains
(Harrison et al., 2011). Classical cadherins have a conserved cytoplasmic domain that binds
catenins (Huber and Weis, 2001; Hulpiau and van Roy, 2009). The catenins are responsible
for transducing force and molecular signals from the CCC to the actin cytoskeleton (Borghi
et al., 2012; Weis and Nelson, 2006; Yonemura et al., 2010). The armadillo repeat family
proteins p120-catenin and fB-catenin bind directly to the cadherin cytoplasmic domain; p120-
catenin interacts with Rho GTPases that control cytoskeletal dynamics, and regulates
cadherin endocytosis (for recent reviews see (Davis et al., 2003; Pieters et al., 2012)) and
will not be discussed further (for recent reviews see (Carnahan et al., 2010; Menke and
Giehl, 2012; Pieters et al., 2012)). In turn, B-catenin binds to a-catenin (Herrenknecht et al.,
1991) thereby forming the core cytoplasmic protein complex of the CCC (Figures 1B, 2A).

a-Catenin is an F (filamentous)-actin-binding protein (Rimm et al., 1995), and is a key
protein in the CCC that links cadherin-mediated cell-cell contacts to the underlying actin
cytoskeleton. a-Catenin is a paralog of vinculin, which is an F-actin-binding protein at cell-
ECM and cell-cell adhesions (Peng et al., 2011); we refer to a-catenin/vinculin proteins as
VIN-family proteins. Mammalian aE-catenin is composed of a series of four-helix bundles
connected to a C-terminal five-helix bundle, and the conformation and accessibility of these
domains regulate aE-catenin function (Ishiyama et al., 2013; Pokutta et al., 2002; Pokutta
and Weis, 2000; Rangarajan and lzard, 2013; Yang et al., 2001; Choi et al., 2012) (Figure
2A). Mammalian aE-catenin has binding sites for -catenin and F-actin in the N-terminal
and C-terminal domains, respectively (Figure 2A). Mammalian aE-catenin also binds
several F-actin-binding proteins, including vinculin (Watabe-Uchida et al., 1998), a-actinin
(Knudsen et al., 1995), ZO-1 (Itoh et al., 1997; Maiers et al., 2013), l-afadin (Pokutta et al.,
2002), and EPLIN (Abe and Takeichi, 2008); whether non-mammalian a-catenin orthologs
bind these proteins has not been studied. Mammalian aE-catenin bundles actin filaments
(Rimm et al., 1995), and inhibits Arp2/3-mediated nucleation of actin filament assembly
(Drees et al., 2005) (Figure 1B).

Here, we focus on evolution of the core components of the CCC - classical cadherins, -
catenin and a-catenin — with particular focus on a-catenin. The evolution of classical
cadherins and B-catenin has been reviewed (Abedin and King, 2008; Hulpiau et al., 2013;
Hulpiau and van Roy, 2009; Schneider et al., 2003). First, we synthesize recent structure-
function studies of a-catenin/vinculin family proteins across unikonta (Section I1. Functional
Analysis of CCC Evolution). Second, we use bioinformatic analysis to identify putative
orthologs of the core CCC components by sequence alignment and domain architecture
(Section I11. Genomic Analysis of CCC Evolution). Finally, we combine information about
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the divergence of a-catenin/vinculin function with bioinformatic observations to provide
new insights into how the CCC may have evolved (Section IV. Conclusion and Synthesis).

II. FUNCTIONAL ANALYSIS OF CCC EVOLUTION

Functional characterization of the a-catenin/vinculin family across unikonta

Mammals—Mammals possess three isoforms of a-catenin, termed oE-, aN-, and aT-
catenin, which originated from the same ancestral gene and share the same location on
human chromosome 10 (Janssens et al., 2003). aE-, aN-, and aT-catenin are expressed
predominantly, but not exclusively, in epithelia, neurons, and heart/testis, respectively
(Herrenknecht et al., 1991; Shapiro and Weis, 2009; Uchida et al., 1994). Mammals also
express vinculin, which localizes to both integrin-ECM adhesions and AJs (le Duc et al.,
2010; Peng et al., 2011; Watabe-Uchida et al., 1998; Ziegler et al., 2006). The functional
properties of mammalian aE-catenin have been characterized in detail (Figures 1B, 2B; see
below). Less is known about aN-catenin, and we are not aware of any detailed biochemical
analysis of aT-catenin.

aE-Catenin is essential for the formation of epithelia and morphogenetic cell movements
during mammalian development. Mus musculus null mutants of aE-catenin (Mm oE-
catenin) loose cell-cell adhesion in the trophoblast epithelium of the preimplantation
embryo, and development is arrested at the blastula stage (Torres et al., 1997). Conditional
knockout of Mm aE-catenin in keratinocytes disrupts AJ formation and is embryonic lethal
due to epithelial hyperproliferation and tumor formation (Vasioukhin et al., 2001).

Mm aE-catenin contains 3 proteolytically-defined domains (Figure 2A) homologous to the
domain structure of vinculin: an N-terminal domain (NTD) that mediates homodimerization
and B-catenin binding, a conformationally flexible M-domain that interacts with several
actin binding proteins (see above), and a C-terminal domain that binds F-actin (ABD)
(Aberle et al., 1996; Herrenknecht et al., 1991; Pokutta and Weis, 2000; Rangarajan and
Izard, 2013; Yang et al., 2001).

Mm aE-catenin exists in three oligomeric states; a monomer, an aE-catenin/B-catenin
heterodimer, and a homodimer (Drees et al., 2005) (Figure 2B). All of these oligomeric
forms are found in cell extracts from MDCK epithelial cells (Benjamin et al., 2010). The Ky
for binding between B-catenin and Mm aE-catenin is 25 -100 nM (Koslov et al., 1997)
(Figure 2B; Sabine Pokutta and W.1.W., unpublished data). The Ky for Mm aE-catenin
homodimerization is weaker than for aE-catenin-B-catenin binding and is in the single
micromolar range (Shapiro and Weis, 2009) (Sabine Pokutta and W.1.W, unpublished data).

Mammalian aE-catenin binds F-actin (Rimm et al., 1995), but this interaction is regulated
by aE-catenin conformation (Figure 2B) (Drees et al., 2005). The Mm o E-catenin monomer
binds F-actin weakly (Drees et al., 2005; Yamada et al., 2005), whereas homodimerization
potentiates actin binding (K4 0.3 pM) (Drees et al., 2005; Rangarajan and Izard, 2013,
Rimm et al., 1995). Since the aE-catenin homodimerization and p-catenin binding sites
overlap (Pokutta and Weis, 2000), aE-catenin can bind B-catenin as a monomer or F-actin as
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a homodimer, but the E-cadherin/p-catenin/aE-catenin complex binds F-actin weakly in
bulk assays in vitro (Yamada et al., 2005) (Figure 2A).

The weak binding of Mm CCC to F-actin led to a model of aE-catenin function in which
clustering of the CCC at cell-cell contacts would produce a high local concentration of actin-
binding aE-catenin homodimers, thereby facilitating dynamic interactions between the CCC
and actin (Yamada et al., 2005) (Figure 3C). Recent work, however, demonstrated that the
CCC is under constitutive actomyosin-generated tension (Borghi et al., 2012), which could
regulate aE-catenin conformation at cell-cell adhesions (Yonemura et al., 2010). Thus, an
alternative model is that cytoplasmic forces relieve aE-catenin auto-inhibition such that the
aE-catenin monomer can directly couple the CCC to the cortical actin cytoskeleton. Further
work is needed to test this model and define how the CCC interacts with the actin
cytoskeleton.

Mm aE-catenin also regulates actin dynamics independently of its role in the CCC. Mm o E-
catenin homodimers bundle actin filaments (Rimm et al., 1995), and inhibit Arp2/3
complex-mediated nucleation of F-actin in vitro (Drees et al., 2005) (Figures 2B, 3C).
Regulation of actin dynamics by cytoplasmic aE-catenin in vivo is important: depletion of
the cytosolic pool of aE-catenin homodimers increases actin-dependent membrane
dynamics and cell migration rate of MDCK epithelial cells (Benjamin et al., 2010), and
deletion of aE-catenin from keratinocytes in M. musculus embryos results in a hyper-
migratory phenotype (Vasioukhin et al., 2001).

Less is known about the functional and biochemical properties of aN-catenin. Two splice
variants of aN-catenin have been identified (Uchida et al., 1994), but their significance is
unknown. M. musculus null mutants of aN-catenin have defects in proper cell layering in
the cerebellum and hippocampus (Park et al., 2002). This phenotype may be due to defects
in neuronal cell migration and cell-cell contacts, since depletion of Mm aN-catenin from
dendritic spines increases membrane activity while aN-catenin over-expression reduces
membrane dynamics (Abe et al., 2004). Although Mm aN-catenin appears to regulate cell-
cell adhesion and cell migration like aE-catenin, initial studies indicate that it has different
biochemical properties. Multi-angle light scattering and small-angle X-ray scattering show
that Mm aN-catenin is monomeric with a less compact conformation than Mm aE-catenin
(Ishiyama et al., 2013). However it remains unclear if Mm aN-catenin homodimerizes at
higher concentrations or whether it is allosterically regulated like Mm aE-catenin. Mm aN-
catenin binds p-catenin and F-actin (Ishiyama et al., 2013) (S. Pokutta and WIW,
unpublished data), but it is not known whether it binds simultaneously to -catenin and the
actin cytoskeleton. Therefore, there are insufficient data to propose a model of Mm aN-
catenin function in cadherin-mediated cell-cell adhesion.

The function of mammalian vinculin in cadherin-mediated adhesion is not well understood,
compared to its well-known roles in integrin-mediated cell adhesion to the ECM (Bakolitsa
et al., 2004; Plotnikov et al., 2012; Ziegler et al., 2006). Vinculin knockout mice exhibit
gross defects in neural tube closure and heart development, and reduced cell-substrate
adhesion to the ECM, but no specific defects in AJ formation or cell-cell contacts were
described (Xu et al., 1998) (Figure 2B). Nevertheless, vinculin has biochemical properties
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similar to Mm aE-catenin. The N-terminal head domain of mammalian vinculin has binding
sites for B-catenin and aE-catenin, and the C-terminal tail domain binds actin (Bakolitsa et
al., 1999; Craig and Johnson, 1996; Janssen et al., 2006; Peng et al., 2010) (Figure 2).
Vinculin can bundle actin filaments through homodimerization of the C-terminal tail domain
(Janssen et al., 2006), but the full length protein is autoinhibited by a strong intramolecular
head-tail interaction (Bakolitsa et al., 2004; Choi et al., 2012; Rangarajan and lzard, 2012;
Ziegler et al., 2006) (Figure 2B). It has been proposed that vinculin mediates binding
between aE-catenin at the CCC and the cortical actin cytoskeleton (Huveneers and de Rooij,
2013; Peng et al., 2011; Yonemura et al., 2010), and Mm aE-catenin can activate vinculin
binding to actin in vitro (Choi et al., 2012). Further work is needed to define how aE-catenin
and vinculin auto-inhibition is relieved, and how these paralogs bind the CCC to the actin
cytoskeleton in vivo.

Gallus gallus—Like mammals and other amniotes, G. gallus (chicken) expresses aE-,
aN-, and aT-catenin isoforms, and a vinculin. There are no published functional or in vivo
studies of Gg aE- or aT-catenin. Gg aN-catenin and vinculin have been used in place of
their mammalian orthologs in several studies and exhibit conserved functional properties.
Gg aN-catenin co-immunoprecipitates with -catenin and actin (Figure 2B) (Hirano and
Takeichi, 1994), and can rescue cadherin-mediated cell-cell adhesion in human lung
adenocarcinoma cells, which express E-cadherin and p-catenin but not a-catenin (Hirano
and Takeichi, 1994). Functional properties of Gg vinculin are also conserved with
mammals: Gg vinculin binds aE-catenin and actin in vitro, and is auto-inhibited by strong
head-tail domain interactions (Figure 2B) (Chen et al., 2006; Choi et al., 2012).

Xenopus laevis—Amphibians and other anamniote vertebrates possess two isoforms of
a-catenin, aE-catenin and aN-catenin, and a vinculin. The function of both a-catenin
isoforms has been investigated in X. laevis following a-catenin depletion with morpholino
antisense oligonucleotides, but direct biochemical studies of interactions between a-catenin
and other CCC members have not been performed. Xl vinculin has not been studied.

Xl aE-catenin co-localizes with E-cadherin at cell-cell contacts in early embryos and is
redistributed to the cytoplasm upon depletion of E-cadherin (Kurth et al., 1999). XI aE-
catenin morphants have defects in cell-cell adhesion at the blastula stage and are arrested in
further development (Kofron et al., 1997) (Figure 2B). XI aE-catenin and aN-catenin co-
immunoprecipitate with B-catenin and E-cadherin in whole embryo lysates (Kurth et al.,
1999; Nandadasa et al., 2012) (Figure 2B). Xl aN-catenin morphants and null mutants have
defects in neural plate closure and gastrulation, respectively (Nandadasa et al., 2012; Sehgal
et al., 1997). Whether Xl aE-catenin or aN-catenin binds actin or regulates cytoskeletal
dynamics has not been studied.

Danio rerio—D. rerio (zebrafish) contains orthologs of aE- and aN-catenin, and vinculin.
D. rerio aE-catenin (Dr aE-catenin) has been characterized in vivo by depletion with
morpholinos (Schepis et al., 2012), and in vitro using purified recombinant proteins (Miller
et al., 2013). Biochemical properties and cellular functions of D. rerio aN-catenin and
vinculin have not been described.
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Dr aE-catenin is expressed at cell-cell contacts between enveloping layer cells (EVL) and
deep cells at the mid-blastula transition in wild-type embryos. aE-catenin morphants are
delayed in epiboly due to defects in cell migration and adhesion in both the EVL and deep
cells (Figure 2B) (Schepis et al., 2012). EVL cells become elongated at 80% epiboly in
control embryos, whereas they retain a spherical morphology in aE-catenin morphants
(Schepis et al., 2012). At 50% epiboly, deep cells in aE-catenin morphants display reverse
radial intercalation at a rate approximately equal to normal radial intercalation (Schepis et
al., 2012). Defects in radial intercalation may be related to increased plasma membrane
blebbing and loss of cadherin-mediated adhesion in aE-catenin-depleted deep cells (Schepis
and Nelson, 2012; Schepis et al., 2012). aE-catenin is required to maintain cortical tension
and normal adhesive forces (Maitre et al., 2012). Taken together, these data indicate that
aE-catenin regulates cell-cell adhesion and membrane dynamics by anchoring E-cadherin to
the cortical actin cytoskeleton. Interestingly, Mm aE-catenin only partially rescues epiboly
in Dr aE-catenin morphants (Schepis et al., 2012). This suggests that functional and/or
regulatory properties of D. rerio and mammalian aE-catenin have diverged (see below).

Despite 90% amino acid sequence identity, D. rerio and Mm aE-catenin have surprisingly
different biochemical properties (Miller et al., 2013). Dr aE-catenin is monomeric in
solution (Figure 2B), and binds F-actin as a monomer or as a aE-catenin/p-catenin
heterodimer and, therefore, is not autoinhibited (Figure 2B). However, Dr aE-catenin binds
F-actin >20x more weakly when bound to -catenin, similar to the Mm aE-catenin/p-catenin
heterodimer (Miller et al., 2013). Dr aE-catenin bundles F-actin poorly compared to Mm
aE-catenin and does not inhibit Arp2/3 complex nucleation of F-actin (Miller et al., 2013)
(Figure 2B). Thus, Dr aE-catenin may directly link the CCC to the cortical actin
cytoskeleton, and has a limited effect on actin dynamics (Figure 3B). This is consistent with
in vivo data, in which depletion of Dr aE-catenin disrupts cortical tension (Maitre et al.,
2012), and induces protracted membrane blebbing (Schepis and Nelson, 2012; Schepis et al.,
2012) that does not involve the Arp2/3 complex (Charras and Paluch, 2008).

Drosophila melanogaster—D. melanogaster, like all other invertebrates so far
examined, expresses one homolog of a-catenin and vinculin. Sequence analysis indicates
that invertebrate a-catenin is most similar to vertebrate aN-catenin (Hulpiau and van Roy,
2009), although this has not been confirmed biochemically. D. melanogaster a-catenin (Dm
a-catenin) has been studied extensively in vivo, but detailed biochemical experiments in
vitro of the DE-cadherin/Armadillo (B-catenin)/a-catenin complex have not been performed.
Deletion of vinculin, by inversion of the X-chromosome, results in viable and fertile adults
indicating that it is not essential (Alatortsev et al., 1997).

Although the binding affinities between proteins in the Dm CCC have not been determined,
it appears that Dm DE-cadherin, Armadillo, and a-catenin form a ternary complex at cell-
cell junctions. Dm a-catenin localizes to cell-cell contacts throughout embryogenesis, and
co-immunoprecipitates with Armadillo and DE-cadherin (Oda et al., 1993) (Figure 2B).
Depletion of a-catenin disrupts embryogenesis, oogenesis and imaginal disc development
(Sarpal et al., 2012), and causes the collapse of epithelia (Cavey et al., 2008). Dm a-catenin
function in cell-cell adhesion requires binding to Armadillo (Desai et al., 2013), indicating
that it may function as an anchor between DE-cadherin/Armadillo and the actin cytoskeleton
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(Sarpal et al., 2012). A DE-cadherin:a-catenin chimera can rescue cell-cell adhesion in an a-
catenin weak allele background but the embryos die during larval stages (Sarpal et al.,
2012), suggesting that DE-cadherin:a-catenin fusion proteins cannot replace all functions of
endogenous a-catenin. Dm a-catenin mutants with deletions of either the N-terminal domain
(NTD) or F-actin-binding domain (ABD) do not rescue embryos with a weak a-catenin
allele (Desai et al., 2013). Interestingly, Desai et al. suggest that Mm aN-catenin can rescue
a weak Dm a-catenin phenotype (Desai et al., 2013). Dm a-catenin also appears to regulate
the dynamics of the actin cytoskeleton: RNAi-mediated depletion of a-catenin inhibits the
accumulation of Rho GTPase near the apical membrane (Magie et al., 2002), and disruption
of the Arp2/3 complex or its activator SCAR ameliorates the hypermigratory phenotype of a
a-catenin weak allele (Sarpal et al., 2012).

Dm a-catenin is a monomer or a homodimer (Desai et al., 2013), but unlike Mm a-catenin,
both monomeric and homodimeric forms of Dm a-catenin bind actin (Figure 2B, 3E) (Desai
et al., 2013). While these results and the rescue experiments (above) indicate that Dm a-
catenin directly links the CCC to the actin cytoskeleton (Figure 3E) this has not been
confirmed biochemically. That Dm a-catenin homodimerizes indicates that it has a
cytoplasmic function similar to Mm aE-catenin homodimer, since Mm aE-catenin
homodimer cannot interact with -catenin in the CCC.

Caenorhabditis elegans—C. elegans possesses a-catenin (HMP-1) and vinculin
(DEB-1) orthologs which are expressed in different cell types (Hardin et al., 2013). HMP-1
has been investigated in loss of function mutants, by biochemical characterization in vitro,
and through genetic dissection of actin binding. Little is known about the biochemical or
cellular functions of DEB-1, although null mutations are lethal due to defects in body
elongation and muscle development (Barstead and Waterston, 1989, 1991).

The C. elegans CCC comprises HMR-1 (E-cadherin), HMP-2 (B-catenin) and HMP-1,
localizes to cell-cell contacts and the actin cytoskeleton, and is required for proper
morphogenetic cell shape changes in early embryogenesis (Costa et al., 1998; Hardin et al.,
2013). During epidermal morphogenesis, actomyosin-driven contractile forces are
transmitted along circumferential actin filament bundles to cell-cell junctions and are
required for cell shape changes and elongation of the embryo (Costa et al., 1998). In HMP-1
loss of function mutants, circumferential actin filament bundles are detached from the
plasma membrane, which results in dorsal folding of the epidermis (the Humpback
phenotype) (Costa et al., 1998) (Figure 2B). Strong loss of function HMP-1 mutants also
display defects in closure of the ventral midline between ventral hypodermal cells and the
posterior of the body (Costa et al., 1998).

Purified HMP-1 is a monomer even at high concentrations, but the full-length protein does
not bind actin in vitro (Figure 2B), although the C-terminal ABD binds F-actin directly with
an affinity similar to Mm aE-catenin homodimer (Kwiatkowski et al., 2010). This indicates
that the ABD is inaccessible in the full-length protein, perhaps due to autoinhibitory
interactions between the NTD and ABD. HMP-1 forms a ternary complex with HMP-2 and
Casein kinasel-phosphorylated HMR-1, but this in vitro reconstituted CCC also does not
bind actin (Kwiatkowski et al., 2010) (Figures 2B, 3D). In vivo, however, HMP-1 must bind
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both HMP-2 and actin directly as deletion of either the HMP-2 binding region or ABD
recapitulates the Humpback phenotype (Kwiatkowski et al., 2010). HMP-1 mutants lacking
residues 687-742, 802, or 826-927 in the C-terminal ABD have a phenotype similar to
embryos lacking HMP-1 or HMP-2 (Maiden et al., 2013), indicating that these C-terminal
amino acids are critical to HMP-1 interactions with the actin cytoskeleton. However, the
regulatory mechanism involved in activating actin binding by HMP-1 in vivo remains
unknown (Figure 2B, 3D).

Dictyostelium discoideum—The genome of the amoebozoan D. discoideum encodes
two VIN proteins. One is a divergent sequence with a ~1000 amino acid insertion at the C-
terminus that has not been characterized. The other is a putative homolog of a-catenin with
equal sequence identity to both metazoan a-catenin and vinculin that has been characterized;
this homolog is more like a-catenin than vinculin since it localizes to cell-cell contacts and
not to cell-ECM contacts, and in vitro characterization of recombinant protein shows that it
does not bind talin or form strong NTD-ABD interactions (Dickinson et al., 2011a).

D. discoideum lives as a unicellular amoeba, but upon starvation develops into a
multicellular fruiting body through a process called culmination (Grimson et al., 2000;
Schaap et al., 2006). The fruiting body comprises a spore head supported by a rigid vertical
stalk and surrounded by a single layer of cells called the tip epithelium (Dickinson et al.,
2011a). The tip epithelium has actin-associated intercellular junctions reminiscent of
metazoan AJs (Grimson et al., 2000), and Dd a-catenin localizes to these cell-cell contacts
(Dickinson et al., 2011a). D. discoideum possesses a protein with multiple armadillo repeats
termed Aardvark (Grimson et al., 2000) that binds to Dd a-catenin through a sequence
similar to Mm B-catenin (Dickinson et al., 2011a). Knockdown of either Aardvark or Dd a-
catenin inhibits the organization of cells in culminants, resulting in the disruption of stalk
and spore head formation (Dickinson et al., 2011a) (Figure 2B). Aardvark appears to
mediate the association of Dd a-catenin and intercellular junctions, since Dd a-catenin does
not localize to cell-cell contacts in the absence of Aardvark (Dickinson et al., 2011a). Thus
in the context of binding Dd a-catenin, Aardvark has properties of a 3-catenin homolog
(Dickinson et al., 2011a). The presence of a polarized epithelium in D. discoideum that is
organized by a-catenin and p-catenin homologs suggests that multicellularity may be a more
ancient evolutionary development than previously thought (Dickinson et al., 2012).

D. discoideum is the only pre-metazoan organism in which a VVIN protein has been
characterized. Dd a-catenin is a monomer, and binds either Aardvark or Mm -catenin in
vitro indicating that this interaction is evolutionarily conserved (Dickinson et al., 2011a)
(Figure 2B). Dd a-catenin is not autoinhibited, as the monomer binds and bundles F-actin,
but it does not inhibit the Arp2/3 complex (Dickinson et al., 2011a) (Figure 2B). Currently,
it is unclear how the Dd a-catenin/Aardvark complex couples the cortical actin cytoskeleton
to the plasma membrane, since homologs of classical cadherins are absent in D. discoideum
(Figure 3A). Nevertheless, like the monomeric Dr a-catenin homolog, Dd a-catenin appears
to be an actin binding protein that links adhesive junctions and the actin cytoskeleton
(Dickinson et al., 2011a).
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Summary: an evolutionary perspective of how the CCC formed

The CCC has properties essential for organized multicellular development, tissue
organization, and physiology of metazoans and, to date, at least one non-metazoan (an
amoebozoan). The core CCC components - classical cadherins, 3-catenin and a-catenin - are
present in all metazoans, and it might be expected that there would be significant functional
conservation between homologs. The biochemical properties of classical cadherins and -
catenin have not been studied in detail across a phylogenetically diverse range of organisms.
Nevertheless, existing data indicate high conservation of homotypic interactions between
cadherin extracellular cadherin repeat domains, binding between the cadherin cytoplasmic
domain and the B-catenin armadillo repeat domain, and the formation of heterodimers
between (-catenin and a-catenin (Abedin and King, 2008; Dickinson et al., 2011a; Grimson
et al., 2000; Nichols et al., 2006; Nichols et al., 2012; Schneider et al., 2003). In contrast, a-
catenin homologs have surprisingly divergent functional properties across metazoans and a
non-metazoan, which raises 2 questions: 1) Did the CCC as a whole evolve different
functions that were tailored to specific requirements in different organisms; or 2) Is a-
catenin functionally more variable than other CCC components, and hence a-catenin
variability evolved to regulate CCC interactions with the actin cytoskeleton?

Answers to these questions require analysis of CCC protein sequences during evolution.
Therefore we screened for CCC proteins from phylogenetically diverse genomes to begin to
reconstruct the ancient origins of the core components of the CCC, investigate whether
domain organization was preserved between diverse homologs, and speculate whether
molecular interactions between CCC members restricted or expanded their evolution.

I1l. GENOMIC ANALYSIS OF CCC EVOLUTION

Ancient origins of core cadherin-catenin complex components

Each core member of the CCC has characteristic domains: the extracellular cadherin repeat
(CAD) of classical cadherins; the armadillo repeat domain of B-catenin comprised of
multiple ARM repeats; and the vinculin/a-catenin (VIN) family proteins comprised of
several helical bundle domains (Figure 2A). Protein sequences containing these domains are
found in a diverse range of eukaryotes, bacteria and archaea, but outside the metazoa their
presence seems to vary independently between clades (Figure 4A). Recent genomic
evidence indicates that the core components of the CCC predate the origin of metazoa.

The presence or absence of these characteristic CCC protein domains within a proteome
does not necessarily indicate they mediate protein-protein interactions and functions of the
CCC (see Section Il, above), but it does provide evidence for the potential evolutionary
point of origin of each CCC component. To determine evolutionary relationships more
definitively, bioinformatics analysis must be extended to the identification of putative
orthologs, structure-based sequence alignment and domain architecture, and ultimately
functional characterization. Here we report the presence of CCC protein domains across
cellular organisms, with a number of putative orthologs found within opisthokonts and their
near ancestors. We used non-exhaustive Hidden-Markov Model (HMM)-based searches for

Curr Top Membr. Author manuscript; available in PMC 2014 August 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Miller et al.

Page 11

the pFam profiles for CAD, ARM, and VIN (PF00028, PF00514, and PF01044,
respectively) (Punta et al., 2012).

The CAD and ARM repeat domains are found in a large number of proteins in highly
variable contexts. CADs are adhesive domains responsible for hetero- and homotypic
interactions in many trans-membrane and secreted proteins, and are dependent on calcium
for their conformation and adhesive function (Harrison et al., 2011; Ivanov et al., 2001;
Koch et al., 1997). Bacterial CAD proteins have calcium-dependent homotypic and
heterotypic interactions in vitro, and bind to the cell surface when added exogenously to
bacterial cultures (Fraiberg et al., 2010). Within metazoans, CADs are essential for cell-cell
adhesion and specificity of cell-cell contacts (Hulpiau and van Roy, 2011; Oda and
Takeichi, 2011; Wheelock and Johnson, 2003). An ARM domain comprises multiple copies
of a 3-helix ARM repeat motif that associate to form a rigid protein-binding structure
(Huber et al., 1997) involved in different cellular processes, including cytoskeleton
organization, growth factor signaling, nuclear import, and gene transcription (Nelson and
Nusse, 2004). ARM domains may contain a variable number of ARM repeats (Coates, 2003;
Tewari et al., 2010). Multi-CAD and multi-ARM repeat proteins are found in small numbers
in both archaea and bacteria, indicating that the domains themselves likely evolved prior to
the divergence of the last common ancestor of eukaryotes and prokaryotes. Thus multi-CAD
and multi-ARM repeat proteins were part of the ancestral proteome of cellular organisms
(Figure 4A).

The vinculin-homology family (VIN) comprises a series of four-helix bundles connected to
a C-terminal five-helix bundle. VIN proteins bind F-actin, and link actin filaments to
proteins at the plasma membrane (see Section Il, above). Multiple VIN-containing proteins
are detected in the proteomes of all metazoans, and are found in some opisthokont relatives
of metazoa (choanoflagellates, chytridomyctes), as well as in the nearest eukaryotic sister
clades, apusozoa and amoebozoa (Abedin and King, 2008; Dickinson et al., 2011a; Grimson
et al., 2000) (Figure 4C). A VIN has not been detected in organisms outside of this larger
clade of opisthokonts and their near relatives, indicating a lineage-specific origin near the
base of the eukaryotic branch leading to metazoans (Figure 4A).

The basic protein repertoire necessary for the assembly of the core CCC - a multi-CAD
protein, a multi-ARM protein and a VIN protein - likely originated sometime before the last
common ancestor of unikonts and their closest bikont sister taxa. Therefore, it can be
inferred that in opisthokont clades, such as fungi and choanoflagellates, the absence of some
or all of these proteins represents a loss of ancestral sequence diversity. It also indicates that
the evolution of the CCC was not driven by the emergence of novel domains, but rather
through domain rearrangement and the accumulation of functional interactions between
CCC proteins within certain taxa.

Pre-metazoan assembly of a functional cadherin-catenin complex

Three changes in the CCC coincided with the advent of multicellularity: 1) Modification of
the unstructured cytoplasmic domain of cadherin to contain a binding motif for $-catenin; 2)
Gain of a-catenin and cadherin binding sites in an ARM protein (3-catenin); 3) Duplication
of an ancestral VIN-containing protein resulting in separate a-catenin and vinculin protein
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families. When compared to the nearest outgroup to metazoa, the choanoflagellates, each of
these changes appears to be an evolutionary gain of function, but their novelty becomes
uncertain when examined in a broader context. First, a more complete search reveals that
most non-metazoans have two or more VIN proteins, and that choanoflagellates are an
exception (Figure 4C). Second, D. discoideum has a multi-ARM repeat protein, Aardvark,
that binds to a a-catenin ortholog (Dickinson et al., 2011a). The presence of the -catenin-
binding motif in classical cadherins, however, appears to be a metazoan novelty. Still, the
unexpected functional diversity of VIN-containing proteins (see Section 11, above), and the
observation of functional CCC protein interactions in an amoebozoan support the hypothesis
that the core actin-binding functions of the CCC complex arose before the advent of
metazoan multicellularity (Figure 4). Below, we discuss these trends in light of more
complete genomic evidence.

Cadherins—An interesting trend can be observed in the abundance of cadherins across the
opisthokont-metazoan boundary (Figure 4, 5). A larger diversity of cadherins is found in
choanoflagellates than in any invertebrate phylum outside deuterostomes and
platyhelminthes, but none of the choanoflagellate cadherins contain the characteristic
catenin-binding motif found in metazoan classical cadherins (Figure 5). As this motif is
observed in the classical cadherins of sponges, which are currently thought to be the most
basally branching metazoan group, a B-catenin-binding cadherin should be considered an
ancestral character of the metazoa (Fahey and Degnan, 2010; Nichols et., 2012).
Interestingly, the cadherins in two invertebrate phyla, ctenophora and platyhelminthes, do
not have a discernable -catenin-binding domain. It is possible that the lack of a p-catenin-
binding site in these cadherins is an artifact due to low genomic coverage in the available
sequence data for these groups. However, it is also possible that ancestors of these phyla
secondarily lost a classical cadherin. If these phyla truly do not possess a classical cadherin,
determination of the transmembrane component of the CCC (or the functional substitute for
the entire complex) in flatworms and comb jellies could be informative. Nevertheless, if we
exclude these two phyla, either on grounds of insufficient data or the principle of parsimony,
we can conclude that members of the metazoan lineage inherited a classical cadherin with a
conserved cytoplasmic domain that bound [-catenin.

B-Catenin—Analysis of non-metazoan ARM proteins reveals a lack of clear orthologs of p-
catenin, although B-catenin-like proteins are present (Figure 4). All three available
chytridomycte genomes (Allomyces macrogynus, Batrachochytrium dendrobatidis, and
Spizellomyces punctatus) each have a 12-13 ARM repeat protein that is ~20% identical to
Mm B-catenin (19%, 20%, and 20% identity, respectively), but each is more similar to the
mammalian protein Armadillo-repeat Protein 4 (48%, 22%, and 51% identical,
respectively). The D. discoideum protein Aardvark has a single ortholog in each of the other
amoebozoans analyzed. With the exception of D. discoideum Aardvark, none of these ARM
proteins have been assayed for binding to their corresponding VIN protein (a-catenin), nor
analyzed to determine their evolutionary relationships, so inferring anything about their role
in a putative CCC is impossible. Without further functional evidence to guide us, these data
produce two equally probable hypotheses: 1) An a-catenin-binding ARM protein evolved
independently twice (i.e., D. discoideum Aardvark is convergent with metazoan p-catenin);
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or 2) A single gain of function event occurred in an ancestral opisthokont, followed by
domain rearrangement or loss in some clades. Additional sequence data may be necessary to
determine the evolutionary relationships between identified B-catenin-like ARM proteins,
but the hypothesis that the known sequences interact with their corresponding VIN protein is
readily testable.

a-Catenin—Previous studies of a-catenin evolution have examined only a sparse
phylogeny of metazoans (Zhao et al., 2011). This resulted in the perspective that only a
single a-catenin existed prior to evolution of the chordate lineage, and that there were two
subsequent duplication events that gave rise to the three known isoforms of mammalian a-
catenin (aE, aN, and aT; see above) and vinculin. Expanding the analysis to include
additional invertebrate phyla confirms this initial finding in terms of direct a-catenin
orthologs (Figure 4). However, deeper analysis shows that one or more additional a-catenin-
like proteins are found in many metazoan phyla, including ctenophores, mollusks, annelids
and basal deuterostome phyla (Figure 4). Interestingly, the basal metazoan Trichoplax does
not have a direct a-catenin ortholog, but it does have a single vinculin protein and an
additional a-catenin-like protein with ambiguous orthology (19% and 17% identity to a-
catenin and vinculin, respectively). Another previously unexamined basal metazoan, the
ctenophore Mnemiopsis leiydi, also has a a-catenin-like protein, and two vinculins. The
discovery of additional a-catenin-like proteins raises questions about our current
understanding of their evolutionary relationships — this will be addressed briefly in the
following sections, but should also be considered an important question for further
investigation.

Classical cadherins: variation and constraint mediated by catenin interactions

Of the three core components of the CCC, classical cadherins display the most diversity in
terms of domain composition and organization (Oda and Takeichi, 2011). Much is known
about cadherin evolution in terms of the relatedness of the different classes and of the
architectural diversity of the extracellular region (Hulpiau et al., 2013; Hulpiau and van Roy,
2011; Oda and Takeichi, 2011). Here, we focus on functional variation between metazoan
classical cadherins in relation to the CCC, and make a general comparison between
variability in the extracellular and cytoplasmic domains.

A general trend in classical cadherin evolution is that organismal complexity is positively
correlated with cadherin diversity and inversely correlated with cadherin complexity - nearly
all bilaterians have a larger number of classical cadherins, each with fewer extracellular
domains than non-bilaterians (Figure 5A). For example, the placozoan classical cadherin (T.
adhaerens only has one discernable isoform) contains 32 CADs, while the classical
cadherins of bilaterians contain between 2 and 17 CADs (Hulpiau and van Roy, 2009)
(Figure 5). The length of classical cadherins in sponge is unclear, as all published sequences
are annotated as fragments; however, sponge are thought to have only one classical cadherin
with at least 10 or more CADs (Fahey and Degnan, 2010; Nichols et al., 2012).

Additionally, non-chordate classical cadherins contain multiple repeats of epidermal growth
factor-like domains (EGFs), laminin A globular domains (LamGs), and a region
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homologous to the extracellular proteolytic cleavage site of Dd DE-cadherin in the C-
terminus of the extracellular domain proximal to the plasma membrane (Oda and Takeichi,
2011; Oda and Tsukita, 1999). The function of these additional domains is poorly
understood, but initial in vivo evidence from D. melanogaster indicates that they may play a
signaling or regulatory role in development (Haruta et al., 2010). Thus non-chordate
classical cadherins may have multiple functions beyond cell-cell adhesion.

From this analysis, we posit that the specialized cell/tissue-type classical cadherins of
bilaterians evolved by duplication and sub-functionalization of a ubiquitously expressed
classical cadherin with a multi-functional extracellular region. However, studies of
expression patterns and functional interactions of large classical cadherins in basal
metazoans are needed to test this hypothesis.

Within the highly variable cadherin superfamily, some elements of the protein sequence
remained static in order to maintain necessary functions at cell-cell contacts. In order to
participate in the CCC, a classical cadherin in a given species must maintain over
evolutionary time a f-catenin binding motif within the cytoplasmic domain. There are two
binding motifs in the cytoplasmic domain of classical cadherins for p120-catenin and -
catenin, respectively (Hulpiau and van Roy, 2011). Using a heuristic method suitable for
general comparison, we can state that the average percent amino acid sequence identity
within the B-catenin binding motif is nearly two-fold higher than across the entire protein
(Figure 5B). The p120 binding motif is also more conserved than the whole protein, though
to a lesser extent than the f-catenin binding motif. An important caveat is that the algorithms
used to calculate pair-wise identity are designed to return an optimal alignment, and they
ignore large gaps and terminal regions in order to optimize the alignment score. Therefore,
the numbers reported here should not be considered indicative of conservation within a
region, but rather a means of holistic comparison between regions of a protein. Nevertheless,
it is clear that the f-catenin binding motif is more conserved than the rest of cadherin
sequence, indicating that in spite of large rearrangements of the extracellular domain of
classical cadherins, the sequence in cadherins required for participation in the CCC (i.e,
binding to B-catenin) is evolutionarily constrained to maintain this critical function.

p-catenin evolution — domain homology, evidence for evolutionary constraint by a-catenin
interaction, and a consensus a-catenin binding motif

[3-Catenin sequence and function appear to be highly conserved within metazoans (Figure 6).
-Catenin has a characteristic structure consisting of unstructured N- and C-terminal regions
involved in the regulation of its degradation and transcriptional activity, respectively, a
central region consisting of twelve ARM repeats, and a a-catenin binding domain located
partially N-terminal to the first ARM (Huber et al., 1997; Shapiro and Weis, 2009) (Figure
6A). The order and identity of the ARM repeats within [3-catenin are highly conserved.
When sequences of metazoan [3-catenin orthologs are subdivided based upon their individual
ARM repeats and clustered algorithmically according to sequence similarity, it is clear that
each ARM repeat groups exclusively, even between distantly related taxa (Schneider et al.,
2003) (Figure 6B).
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In spite of this strong sequence conservation across the metazoa, there are a small number of
[3-catenin orthologs that are quite divergent. On a neighbor-joining phylogeny in which
branch length corresponds to the number of amino acid substitutions, several proteins stand
apart as clear outliers. Interestingly, most of these occur in species in which there has been a
lineage-specific duplication of B-catenin: A. queenslandica, T. casteneum, and most notably
in the three additional C. elegans proteins BAR-1, SYS-1, and WRM-1 (Liu et al., 2008;
Zhao et al., 2011) (Figure 6C). In A. queenslandica, the two B-catenin paralogs have
different mRNA expression patterns, but neither their subcellular localization nor function
have been examined (Adamska et al., 2010). The C. elegans f-catenin paralogs HMP-2,
BAR-1, SYS-1 and WRM-1 also exhibit sub-functionalization. Of the four, only HMP-2
binds to mammalian a-catenin and HMP-1 (Kwiatkowski et al., 2010; Natarajan et al.,
2001), while BAR-1, SYS-1 and WRM-1 are involved in Wnt signaling and gene
transcription (Liu et al., 2008; Natarajan et al., 2001). In T. castaneum, [3-catenin paralogs
exhibit partial sub-functionalization in cell-cell adhesion (8-1), and centrosomal regulation
(B-2) (Bao et al., 2012) that is also a function of mammalian 3-catenin (Mbom et al., 2013).
Additionally, T. castaneum -2 has a 6-amino-acid deletion within the conserved a-catenin
binding motif, but maintains a high level of sequence conservation in residues important for
E-cadherin binding (Bao et al., 2012; Pai et al., 1996). These data indicate that 3-catenin
participation in the CCC may be a form of evolutionary constraint that is partially
responsible for the high level of sequence conservation within B-catenin. Release from this
selective pressure might have been achieved through disruption of a-catenin binding in p-
catenin paralogs.

A multiple alignment of single and duplicated -catenin paralogs across metazoa reveals that
all highly divergent paralogs possess significant insertions or deletions within the a-catenin
binding domain (Figure 6D). The paralogs for which there is evidence supporting a loss of
a-catenin binding function (Figure 6D, top) all possess insertions or deletions in this region.
In contrast, a-catenin-binding paralogs align closely with those organisms that have only
one single B-catenin ortholog (Figure 6D, center). A. queenslandica and P. humanus possess
®-catenin paralogs with significant alterations in the a-catenin binding domain (Figure 6D,
bottom), indicating that these proteins may have lost the capacity to bind a-catenin.
Interestingly, 1. scapularis has a single -catenin ortholog with a deletion within the a-
catenin binding domain. One hypothesis is that the a-catenin binding site in 3-catenin is the
favored mutation site for disrupting -catenin function in the CCC, as this would produce
only a single adhesive phenotype (Brembeck et al., 2004; Hoffmans and Basler, 2007;
Huber and Weis, 2001; Roura et al., 1999; Taurin et al., 2006); in contrast, a mutation of the
central ARM repeat region would have multiple affects on adhesion and Wnt signaling due
to the significant overlap of binding sites for E-cadherin (Huber and Weis, 2001), TCF
(Graham et al., 2001; Graham et al., 2000), Axin (Spink et al., 2000; Xing et al., 2003) and
Adenomatous Polyposis Coli (Ha et al., 2004; Spink et al., 2000; Xing et al., 2004).

From this sequence alignment, we are also able to derive a consensus a-catenin binding
motif in B-catenin (depicted on a helical wheel in Figure 6E). Excluding C. elegans
sequences and other divergent paralogs, the f-catenin residues shown to form structurally
important contacts with a-catenin (consensus residues 5, 8, 12, 16, and 19) are entirely
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conserved within bilaterians, and mostly conserved across metazoans (Aberle et al., 1996;
Pokutta and Weis, 2000). These key residues are also conserved in the a-catenin binding
motif of D. discoideum Aardvark, demonstrating their importance for a/p heterodimer
interaction (Dickinson et al., 2011a) (Figure 6E). A more detailed comparison of these two
motifs may yield a consensus search sequence usable for the detection of putative a-catenin-
binding ARM proteins in divergent non-metazoan eukaryotes. This a-catenin binding region
should also be considered a candidate region for studies of intermolecular co-evolution
between a- and B-catenin.

Evolutionary history of the a-catenin/vinculin family

In light of recent studies that have identified unexpected diversity in functional properties of
a-catenins (Figures 1-3) and the sequences reported above that were not described
previously, a more thorough review of VIN protein phylogeny is merited. Phylogenetic
analysis of distantly related sequences is often inconclusive, but when combined with
functional evidence and domain architecture we can draw conclusions about the ancestry of
a-catenin and related proteins. Here we describe the presence of a previously unknown
group of metazoan a-catenin-like proteins that may be representative of an ancestral
metazoan a-catenin, and discuss the origin of the vinculin family as a duplication event from
a a-catenin-like protein in an ancestral metazoan.

To determine the relatedness of metazoan a-catenins and vinculins and non-metazoan VIN
proteins, a maximum-likelihood phylogeny based on the sequence of 96 VIN proteins was
made from diverse metazoan and non-metazoan phyla (Figure 7A). Known a-catenins and
vinculins group as distinct clades, but non-metazoan sequences do not group in either of
these clades. The chytridomycete and amoebozoan VIN proteins also group as independent
clades. These clades arise from a polytomy of indeterminate relatedness that also contains
sequences from choanoflagellates and their near relative, the apusozoan Thecamonas
trahens, and all the metazoan sequences that were not described previously. These metazoan
sequences group together as a clade (0.66 ML posterior probability), but their relatedness to
the described a-catenins can not be accurately determined as this clade groups unreliably at
the base of the a-catenin branch (0.28 ML posterior probability, depicted in Figure 7A as
collapsed to the polytomy). This clade has both protostome and deuterostome VIN
members, and also contains the only a-catenin-like sequence found in Trichoplax, indicating
that it is both widely distributed and ancestral in the metazoa. As this clade was until now
not described, the function of these a-catenin-like proteins is not known; a comparison
between organisms that possess both a-catenin and a member of this clade with organisms
possessing only one or the other may provide important data for understanding the evolution
of the a-catenin protein family. This phylogeny demonstrates that the a-catenin and vinculin
families are distinct metazoan lineages that diverged at the base of the animal tree. However,
the relatedness of divergent ancestral groups to these two clades cannot be readily
determined from the phylogeny alone.

As indicated by previous studies of the a-catenin-related protein in D. discoideum, general
domain architecture may be more indicative of functional relatedness than strict sequence
comparison — Dd a-catenin is equally related to H. sapiens aN-catenin and vinculin by
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sequence (17% identity), but the arrangement of its functional domains and biochemical
properties corresponds more closely to a-catenin than to vinculin (Dickinson et al., 2011a).
Similar comparison of domain architecture between the groups represented here reveals both
a surprising diversity within divergent VIN sequences, as well as the presence of a
conserved architectural pattern. Within opisthokonts, all VIN proteins contain only helical
bundle domains characteristic of the VIN family and no other recognizable functional
domains.

Outside of opisthokonts, other protein motifs are included such as a LIM domain in T.
trahens VIN 2 and the inclusion of a transmembrane domain in A. castellani VIN 2. The LIM
domain is a tandem zinc-finger structure that functions as a protein-binding interface, and is
associated with cytoskeletal organization and signal transduction from the plasma membrane
to the nucleus (Kadrmas and Beckerle, 2004). Many known LIM proteins have been shown
to bind F-actin or actin-binding proteins (Khurana et al., 2002), but none have been
described that contain a VIN domain. T. trahens VIN 2 appears to be a novel VIN-LIM-
containing protein that represents a class of eukaryotic LIM proteins that were not described
previously (Koch et al., 2012). The inclusion of a transmembrane domain in A. castellani
VIN 2 is also novel — no other described VIN protein has been observed to have a
transmembrane domain.

There is significant variation in domain architecture within previously described VIN
proteins. Even amongst VIN proteins there are clear outliers in which we can observe
domain loss or the addition of large insertions (Figure 7A). The loss of one or more VIN
domains is observed in several amoebozoans, including Dictyostelium sp. and A. castellani,
and putatively within the opisthokont C. owczarzaki and the apusozoan T. trahens, where a
third VIN domain is identified with unreliable significance (Figure 7A, dashed outline).
Insertion sequences are observed in a-catenins and a-catenin-like sequences of many basal
metazoans. For instance, both N. vectensisand T. adhaerens have large insertions (~400 and
600 amino acids, respectively) between the M- and actin-binding domains. There are
multiple phosphorylation sites in this region in Mm a-catenin (Huttlin et al., 2010) that are
conserved within the insertions of basal metazoans, but the functional significance of these
sites is not understood. Nothing is known of how these inserted sequences affect the
conformation or functional properties of a-catenin such as actin binding, homodimerization
capacity, or auto-inhibition. However, the location of these insertions provide a natural study
system in which to test hypotheses of the roles of internal residues in regulating a-catenin
structure and function.

As observed with classical cadherins and -catenin, we would expect to find signs of
constraint within a-catenin sequences resulting from its necessary function as a link between
the CCC and the actin cytoskeleton. However, as a-catenin plays multiple roles at the
plasma membrane in the mammalian CCC (see Section Il), it is unclear which regions would
be expected to have high sequence conservation. In a comparison of a-catenin sequences,
we observe that the C-terminal ABD is more conserved relative to the rest of the protein,
whereas the N-terminal (homo- and hetero-) dimerization domain is more variable (Figure
7B). This observation indicates that the actin-binding domain may be under selection to
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maintain the capacity to bind actin, whereas the N-terminal dimerization and M domains
have varied more significantly over evolutionary time.

Several related hypotheses can be posited to explain why the interaction between the -
catenin/cadherin complex and a-catenin varies significantly between metazoan groups. 1)
The interaction with the actin cytoskeleton is the more ancestral function of an a/B-catenin
heterodimer. 2) Greater sequence divergence occurred in the N- and M-domains as more
functions at the plasma membrane are gained in some metazoan groups. 3) Regulation of
actin binding may have evolved by auto-inhibition/allostery rather than loss of function
mutations due to overlapping functional regions/binding surfaces of VIN domains. These
hypotheses are not mutually exclusive nor are they the only interpretation, but they stand out
in light of recent functional evidence in diverse organisms.

V. CONCLUSION AND SYNTHESIS

Functional divergence within a highly conserved protein complex

It is generally accepted that homologous genes and proteins have conserved functions
between different organisms, and molecular evolution occurs through changes in gene
regulatory elements (Carroll, 2008). A common assumption made in sequence comparison is
that shifts in protein function will correspond to large differences in sequence, but at the
molecular level the importance of a single residue cannot be underestimated. Few studies
have tested whether protein homology, as determined by sequence comparison, is indicative
of conservation of biochemical, cellular or developmental properties, and those that have
tried had a false positive rate of over 50% when calling orthologs with equivalent functions
(Ponting, 2001; Watson et al., 2005; Yu et al., 2012). Indeed similarities in sequence are not
predictive of conserved protein function throughout the cadherin superfamily, hedgehog
signaling pathway components, and vertebrate glucocorticoid receptor homologs (Dickinson
et al., 2011b; Ortlund et al., 2007). As demonstrated here, in vitro biochemical experiments
make it possible to directly test hypotheses of conservation of protein function and, by
careful selection of a set of homologs for analysis, can reveal how proteins acquired novel
functions in evolution.

The CCC is highly conserved throughout metazoans, where evolutionary assembly of the
complex likely occurred in unicellular ancestors. Molecular interactions between the
cytoplasmic domain of classical cadherins and ARM repeats of -catenin have not been
investigated over as diverse a set of organisms as a-catenin, but cadherin/p-catenin complex
formation appears to be highly conserved in animals and positively regulated by
phosphorylation of the cadherin cytoplasmic domain (Kwiatkowski et al., 2010; Nichols et
al., 2006; Nichols et al., 2012; Schneider et al., 2003) (this study). Direct binding between
a~catenin and B-catenin is conserved throughout metazoans (Aberle et al., 1996; Hirano and
Takeichi, 1994; Koslov et al., 1997; Kwiatkowski et al., 2010; Miller et al., 2013; Schneider
et al., 2003).

While metazoan a-catenin homologs share >20% sequence identity and conserved domain
architecture, regulatory mechanisms of actin binding are divergent between unikonts, and
novel functional properties have developed in some homologs. Auto-inhibition reduces the
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actin binding affinity of mammalian oE-catenin, C. elegans HMP-1 and vertebrate vinculin.
However, auto-inhibition is absent from Dd a-catenin, Dm a-catenin, and Dr aE-catenin
(see Section |1, above). Dma-catenin and Mm aE-catenin dimerize in solution. f-Catenin
binding also negatively regulates Mm a-catenin binding to F-actin in vitro (Miller et al.,
2013; Yamada et al., 2005), but it is not known whether this occurs in other species. Future
in vivo experiments should determine how these distinct biochemical properties cater to
specific developmental or physiological requirements. Between unikonts, a-catenin appears
to have sequence divergence as well as variable function. Functional implications of changes
in domain structure of non-bilaterian and premetazoan VIN homologs in organisms that do
not contain all core components of the CCC will require biochemical characterization of
purified proteins.

Sequence vs. function of a-catenin/vinculin family proteins

With available bioinformatics tools, it is not possible to determine the specific biochemical
and functional properties of a-catenin/vinculin family proteins from sequence alone. For
instance, it is not possible to use a comparison of sequence identity to classify pre-metazoan
VIN proteins as members of either the a-catenin or vinculin protein families. Dd a-catenin,
which has an equal level of sequence identity to metazoan a-catenin and vinculin, possesses
biochemical and functional properties of a-catenin and not vinculin (Dickinson et al., 2011a;
Dickinson et al., 2011b). Furthermore, as described above, a large polytomy of a-catenin-
like proteins results from phylogenetic analysis of VIN family proteins (Figure 7A). While
domain organization may make stronger predictions of protein function and relatedness than
strict sequence identity, functional predictions based on domain organization can be
confounded by deletion, convergent evolution, or duplication of domains. As a result, in the
absence of functional characterization one cannot predict specific functions of these proteins
in cell-cell or cell-substrate adhesion.

In a sequence-based phylogeny of biochemically characterized a-catenin orthologs,
mammalian and D. rerio aE-catenin cluster together with 90% sequence identity (Figure
8A). Dma-catenin clusters with mammalian aE-catenin with ~60% sequence identity, while
C. elegans HMP-1 and Dd a-catenin are outgroups with <40% and <20% identity,
respectively, to the mammalian orthologs (Figure 8A). To directly juxtapose sequence-based
methods with functional comparisons of a-catenin family proteins, we generated an
alternative cladogram in which orthologs are clustered together based on common functional
properties (Figure 8B). Based upon functional properties, we would group Mm aE-catenin
and Dm a-catenin due to their shared character of dimerization, and place Dd a-catenin and
Dr aE-catenin together in a separate group because they are monomers that bind and bundle
actin constitutively, with C. elegans HMP-1 forming a divergent outgroup to these due to its
auto-inhibition of actin-binding. Another possible functional grouping might place
mammalian and C. elegans a-catenins together because they both appear to be inhibited in
their capacity to bind actin as monomers, but auto-inhibition of actin binding in mammalian
a-catenin is less well supported. Regardless of how the tree is drawn, one distinction is clear
—when grouped functionally, the two proteins most similar by sequence, Mmand Dr a-
catenin, cannot be grouped together, and must be grouped with proteins to which they have
much lower sequence identity (Figure 8B). Thus, sequence similarity is a poor indicator of
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functional similarity between studied a-catenin orthologs. These examples highlight the
necessity of biochemical characterization as a means of assessing functional equivalence
between orthologs. Current bioinformatic methods can identify putative orthologs with
remarkable speed and accuracy, but our capacity to predict tertiary structure and
biochemical function based on protein sequence is quite limited. Only through in vitro
characterization and in vivo observation can we describe in detail the subtleties of protein
activity. As demonstrated here, such observations can vastly increase the power of
bioinformatic analysis: knowledge of binding sites, structurally important residues, and
other functional properties, when synthesized with sequenced-based methods, can yield
deeper inferences about protein evolution. By using known biochemical properties and
domain boundaries to inform sequence analysis it may be possible to understand the
evolution of a-catenin at a deeper level.

Evolutionary context of the cadherin-catenin complex

Classical cadherins are clearly unique to the metazoa, but as the last common ancestor of all
eukaryotes necessarily had some form of cadherin, the role of cadherins during the
formation of the ancestral CCC is unclear. The loss of cadherins from amoebozoans,
apusozoans, and fungi can be seen either as a loss of cadherin from an ancestral complex, or
as an indication that cadherins did not constitute the original membrane component of the
CCC. Evidence from D. discoideum indicates that the a-catenin/Aardvark heterodimer links
actin to the plasma membrane at cell contacts, but with only a single data point we are
unable to say if this is an amoebazoan-specfic (or species-specific) loss of the cadherin
component of the CCC due to derivation of other novel junction complexes, or if cadherin
was absent from the ancestral CCC altogether. Further investigation of the CCC components
of choanoflagellates and C. owczarzaki, the only non-metazoan opthistokonts known to have
proteins of all three CCC protein families, is necessary to elucidate the evolution of
cadherin-catenin interactions.

The evolution of B-catenin appears to be due to gain of function. Based on the homology of
a-catenin binding motifs between metazoan p-catenins and D. discoideum Aardvark (Figure
6E), the capacity to bind a-catenin, and thereby potentially link the actin cytoskeleton to the
plasma membrane, was the ancestral function of the common ancestor of these proteins. The
role of B-catenin in Wnt signaling is a metazoan novelty acquired through cooption
following the evolution of the Wnt pathway. Based on this evidence, we can infer that a a-
catenin-binding ARM protein was part of the shared inheritance of opthistokonts, which has
either been lost in multiple groups (capsaspora, ichthyosporeans, choanflagellates, fungi,
etc.), or remains to be discovered. As previous search attempts have focused on finding full
j-catenin orthologs, and have not utilized a strategy based on identification of a-catenin
binding motifs, the latter is likely true, but only further analysis of the ARM proteins of
unicellular organisms can determine how ancient this interaction truly is.

We propose a model of a-catenin evolution in which the ancestral homolog was a
constitutively active F-actin binding monomer that gained B-catenin binding in a unicellular
ancestor to amoebozoa and opisthokonta (Figure 8C). In unicellular organisms, the a/B-
catenin heterodimer may have supported cell-cell contact formation during mating and
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feeding behavior. Duplication of a a-catenin-like protein in an ancestral unikont resulted in
multiple VIN-family proteins, which developed distinct functions in cell-cell and cell-ECM
adhesion in metazoans. Innovation of vinculin-like proteins likely facilitated cell-substrate
adhesion during crawling in unicellular organisms, and perhaps strengthened cell-cell
contacts in early multicellular organisms.

a-Catenin has not been characterized in a basal, non-bilaterian metazoan and we can only
speculate about its regulatory properties. Nevertheless, we posit that it was likely a
monomeric, p-catenin and F-actin binding protein that gained additional functions for
complex development and tissue construction through association with classical cadherins.
Given the limited phylogenetic coverage of currently characterized orthologs (groups in
bold, Figure 8C), there are two equally probable evolutionary histories of bilaterian a-
catenin: 1) a-Catenin developed the ability to homodimerize in an ancestor to the bilaterian
clade, and this function was subsequently lost in C. elegansand D. rerio (Figure 8C: red dot
and X, respectively). 2) The innovation of homodimerization is convergent between D.
melanogaster and mammals (Figure 8C; blue dots). The fact that homodimerization in
mammals, but not in Drosophila, is necessary to potentiate F-actin binding by relieving
auto-inhibition, supports a hypothesis of convergent evolution. Similarly auto-inhibition
may have originated in a common ancestor to bilateria and was subsequently disrupted in D.
melanogaster and D. rerio, or may have been independent innovations of C. elegans and
mammals. Future characterization of orthologs from other bilaterians will allow a fuller
explanation of the evolutionary origin of these regulatory properties. In addition, while aE-,
aN-, and aT-catenin isoforms originated from a single gene in higher vertebrates, the
significance of three isoforms is not well understood, and future biochemical and cell
biological studies will reveal the properties underlying their distinct developmental
functions.

In light of evidence reviewed here, the assembly of the CCC can be viewed under two
alternative hypotheses: 1) The ancestral CCC included a cadherin, which was lost in some
non-metazoan lineages (1 on Figure 8C); or 2) An ancestral interaction between an ARM
protein and a VIN protein linked the actin cytoskeleton to the plasma membrane by way of a
currently unknown protein, and a cadherin was co-opted to replace the membrane portion of
this complex at the base of the metazoa (2 on Figure 8C). Both hypotheses assert that the
core a-catenin/p-catenin interaction of the CCC is ancestral and homologous within
unikonts, but differs in how they regulate cell-cell adhesion. The first hypothesis stipulates
that the capacity to form cell-cell contacts mediated by the CCC was ancestral to unikonts,
and therefore that extant non-colonial unicellular lineages may be secondarily simplified.
The second hypothesis requires fewer evolutionary transitions.

Interpreting the validity of these hypotheses based on only parsimony belies the
evolutionary complexity of cell-cell junction formation. An ancestral capacity to form cell-
cell contacts is in line with the prevalence and diversity of colonial, aggregate, and
multicellular organisms within the Unikonta, but without additional data points from fungi,
choanoflagellates, and other non-metazoan opthistokonts we can only speculate about the
importance of the ancestral CCC in the evolution of these organisms. Given the presence of
CCC complex in all metazoans, it is likely that conserved residues and domains at binding
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interfaces mediated refinement of the ancestral CCC into the complex seen in bilaterians,
and thus constrained the independent evolution of its constituent proteins. Studies of co-
evolution of classical cadherins, B-catenin, and a.-catenin homologs will provide further
understanding of CCC function within metazoans, and investigation of distant homologs in
non-metazoans will provide insight into the evolution of the CCC and the origins of
multicellularity.
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E-cadherin

Figure 1. Cadherin/Catenin Complex at Mammalian Cell-Cell Contacts
(A) A simple, tubular epithelium composed of a closed monolayer of polarized cells. The

schematic, below demonstrates cell polarity: the apical membrane (yellow) faces the lumen
and the basolateral membrane (blue) contacts the underlying ECM and serosa (grey). Cells
have a cortical actin belt, which is connected between cells at adherens junctions (red).

(B) The cadherin-catenin complex mediates cell-cell adhesion. Classical cadherins contain
extracellular repeat domains that mediate trans-interactions with the extracellular domain of
cadherins on opposing cells, and a cytoplasmic domain that binds p120 and p-catenin.
Monomeric a-catenin localizes to the cadherin-catenin complex by binding p-catenin. The
mechanism by which a-catenin associates with the actin cytoskeleton is not well understood.
Vinculin binds both a-catenin and actin, and may facilitate linkage between the cadherin-
catenin complex and actin. Homodimeric a-catenin binds and bundles actin filaments and
inhibits Arp2/3 complex-mediated nucleation of actin.
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Figure 2. Functional Properties of a-Catenin/Vinculin Family Proteins
(A) Domain organization of mammalian a-catenin/vinculin family proteins. Mammalian

vinculin is composed of 7 four-helix bundles, a proline-rich hinge region, and a C-terminal
five-helix bundle. a-Catenins share a similar structure but lack the D2 domain. Head, tail,

and actin-binding domains of vinculin as well as -catenin binding/dimerization,

modulation, and F-actin binding domains in Mm oE- and aN-catenin are annotated. Regions
of homology are indicated by dashed lines. Adapted from (Miller et al., 2013)
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(B) Functional properties of characterized a-catenin/vinculin family proteins across
unikonta. Homodimerization, 3-catenin binding, and F-actin binding and regulation in vitro
using purified proteins is indicated. Indirect evidence of binding by coimmunoprecipitation
(IP) is also noted. Developmental and/or in vivo requirement for each homolog is
summarized on the right. Question marks signify untested properties or inconclusive data.
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Figure 3. Functional Divergence of Cadherin-Catenin Complex
(A) We propose that ancestral cadherin-catenin complex interactions consisted of

monomeric actin-binding a-catenin that coupled the classical cadherin-f3-catenin complex to
the cortical actin network (center panel). Divergence of the complex in each species from
the ancestral complex is depicted in the box on bottom left. D. discoideum a-catenin is an
monomer that forms a heterodimer complex with Aardvark (3-catenin homolog), and
localizes to cell-cell contacts and the cortical actin cytoskeleton. Dd a-catenin bundles actin,
but the mechanism by which the Dd a-catenin-Aardvark complex associates with the cell
membrane is not known. D. discoideum does not possess cadherin homologs and the
adhesion proteins to which the heterodimer complex is attached at cell-cell contacts have not
been identified.

(B) D. rerio aE-catenin is a monomer that is not auto-inhibited, and can simultaneously bind
j-catenin and F-actin, but does not regulate actin dynamics via Arp2/3 inhibition.

(C) The mammalian cadherin-catenin complex possesses divergent regulatory properties
from the ancestral complex. Monomeric aE-catenin associates with the E-cadherin-f-catenin
complex, but is allosterically regulated and binds actin weakly. The mechanism by which
the cadherin-catenin complex is linked to the cortical actin cytoskeleton is poorly
understood. Homodimerization of aE-catenin potentiates bundling of actin and inhibition of
Arp2/3 complex-mediated actin polymerization.

(D) C. elegans HMP-1 forms a ternary complex with HMR-1 (classical cadherin homolog)
and HMP-2 (B-catenin homolog), but is autoinhibited and cannot bind F-actin in vitro. The
mechanism by which actin binding is activated in vivo is not known.

(E) D. melanogaster a-catenin exists as monomer and homodimer species, both of which
bind actin. D. melanogaster a-catenin forms a ternary complex with DE-cadherin and
Armadillo.

Curr Top Membr. Author manuscript; available in PMC 2014 August 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Miller et al.

Page 34

1 Nonmetazoan
Archaea| Bacteria|_Eukaryotes | Metazoa | _Total
o 0 " 658 72

on | saa | 17enoss) |2sssners ‘ﬂszusxn f;" Vincoiile g cateiothe ¢

B T y . £
VO L

EFERNEEEEEEEEEEpRsuaEE:

Origin of VIN proteins

B C

@ Origin of clasica cacherins

Figure 4. Distribution of Cadherin/Catenin Complex ProteinsIn Cellular Organisms
(A) A cladogram indicating the presence of the VIN, ARM, and CAD proteins (blue, purple,

and green circles, respectively) in bacteria, archaea, and major eukaryotic lineages. The blue
line indicates the lineage-specific origin of VVIN proteins.

(B) Numbers of CCC proteins found within each domain of life found in the pFam (in bold)
and SMART (in parentheses) online databases (Letunic et al., 2009; Punta et al., 2012).

(C) Distribution of CCC proteins within metazoans and opisthokont and unikont outgroups,
deliniating between true orthologs and similar sequences.
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Figure 5. Evolution of Classical Cadherin Domain Architecture from Poriferato Vertebrates
(A) A phylogeny of representative classical cadherin proteins from multiple animal phyla,

indicating the modification of the extracellular region by loss and/or rearrangement of
conserved domains. Key transitions are noted by number in the legend in the lower left.
(B) Schematic representation of a classical cadherin, indicating the average percent amino
acid sequence identity of the catenin binding motifs and the cytoplasmic and extracellular
regions of the protein.
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Figure 6. Evolutionary Constraint of B-Catenin by the a/B-Catenin Interaction
(A) A schematic representation of Mm B-catenin, indicating the position of the (-catenin

binding region and Armadillo repeats.

(B) A phylogeny of Hydra and Mus Armadillo repeats 1-12 (after (Schneider et al., 2003))
indicating homology of each repeat.

(C) A neighbor-joining phylogeny of metazoan p-catenins, indicating divergent paralogs in
bold. Branch length correlates to number of amino acid substitutions between proteins.

(D) An alignment generated using MUSCLE (Edgar, 2004), visualized in JalView
(Waterhouse et al., 2009), highlighting the a-catenin binding motif (yellow box), conserved
binding surface (red boxes/arrows), and structurally important residues (asterisks). Paralogs
that fail to bind a-catenin (i) and untested paralogs and orthologs with abberant binding
maotifs (iii) are segregated from a-catenin-binding paralogs and single orthologs (ii) for
clarity. A consensus sequence generated from the proteins in group ii is displayed below.
(E) Helical wheel representations of the consensus a-catenin binding helix from D, and that
of D. discoideum (after (Dickinson et al., 2011a)). Charged residues are colored orange, and
hydrophaobic residues are colored cyan. Red ovals and asterisks indicate the a-catenin
binding surface and structurally important residues as in D.
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Figure7. Evolutionary History of VIN Families

(A) A maximum likelihood phylogeny of 96 VIN-containing proteins generated using
RAXML (Stamatakis, 2006) with 1000 rapid bootstrap iterations and best-fit model
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parameters as determined by ProtTest3 (PROTGAMMALGF; (Darriba et al., 2011)) on a
trimmed alignment (trimAl; Capella-Gutierrez et al. 2009). a-catenins are colored blue,
vinculins are colored green, amoebozoan sequences are colored yellow, and ungrouped
sequences are colored grey. Corresponding schematics of domain architecture are grouped

adjacent to appropriate clades.

(B) A general schematic of the domain architecture of a-catenin and vinculin, with a bar
graph indicating the average percent amino acid sequence identity of the highlighted regions

within each protein family.
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Figure 8. Sequence | dentity ver sus Functional Equivalence, and CCC Evolutionary Hypotheses
(A) A neighbor-joining tree of the 5 characterized metazoan a-catenin orthologs. Percent
identity to Mm (E-catenin is indicated in bold. Orthologs sharing > 90% identity are grouped

in blue, > 60% in green, and < 60% left uncolored.
(B) A cladogram of the same proteins, as grouped by function. The red oval groups actin-

binding monomers, the yellow groups proteins capable of homodimerization, and the purple

indicates auto-inhibition of actin binding.
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(C) A phylogeny of unikonts, indicating two evolutionary hypotheses of CCC evolution
(numbered circles), and two hypotheses for the evolution of dimerization in metazoan (-
catenins. See text for detailed explanations of hypotheses.
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