Learning from cadherin structures and sequences: affinity determinants and protein architecture
Klára Felsıvályi

Submitted in partial fulfillment of the
requirements for the degree of
Doctor of Philosophy
in the Graduate School of Arts and Sciences

COLUMBIA UNIVERSITY
2014

© 2014
Klara Felsovalyi
All rights reserved

ABSTRACT

Learning from cadherin structures and sequences: affinity determinants and protein architecture

Klara Felsovalyi

Cadherins are a family of cell-surface proteins mediating adhesion that are important in
development and maintenance of tissues. The family is defined by the repeating cadherin domain
(EC) in their extracellular region, but they are diverse in terms of protein size, architecture and
cellular function. The best-understood subfamily is the type I classical cadherins, which are found in
vertebrates and have five EC domains. Among the five different type I classical cadherins, the
binding interactions are highly specific in their homo- and heterophilic binding affinities, though their
sequences are very similar. As previously shown, E- and N-cadherins, two prototypic members of the
subfamily, differ in their homophilic KD by about an order of magnitude, while their heterophilic
affinity is intermediate. To examine the source of the binding affinity differences among type I
cadherins, we used crystal structures, analytical ultracentrifugation (AUC), surface plasmon
resonance (SPR), and electron paramagnetic resonance (EPR) studies. Phylogenetic analysis and
binding affinity behavior show that the type I cadherins can be further divided into two subgroups,
with E- and N-cadherin representing each. In addition to the affinity differences in their wild-type
binding through the strand-swapped interface, a second interface also shows an affinity difference
between E- and N-cadherin. This X-dimer interface, which is a weakly binding kinetic intermediate in
E-cadherin, has a much stronger affinity in N-cadherin: nearly as strong as N-cadherin wild-type
binding. In the swapped and X-dimer interactions of E- and N-cadherin, differences in hydrophobic
surface area can mostly account for the affinity difference. However, several mutants of N-cadherin
have a KD an order of magnitude stronger even than the wild-type N-cadherin. In these mutants, the

source of the strong affinity seems to be entropic stabilization through an equilibrium between
multiple conformations with similar energies.
We thus have a molecular-level understanding of vertebrate classical cadherins, with a
detailed understanding of their adhesive mechanism and their binding affinity determinants.
However, the adhesive mechanisms of cadherins from invertebrates, which are structurally divergent
yet function in similar roles, remain unknown. We present crystal structures of the predicted Nterminal region of Drosophila N-cadherin (DN-cadherin). Of the 16 total predicted EC domains, we
have crystallized the EC1-3 and EC1-4 segments. While the linker regions for the EC1-EC2 and
EC3-EC4 pairs display binding of three Ca2+ ions similar to that in vertebrate cadherins, domains
EC2 and EC3 are joined in a bent orientation by a novel, previously uncharacterized Ca2+-free linker.
Based on sequence analysis of the further ECs of DN-cadherin, we predict another such Ca2+-free
linker between EC7 and EC8. Biophysical analysis demonstrates that a construct containing the first
nine predicted EC domains of DN-cadherin forms homodimers with affinity similar to vertebrate
classical cadherins. Intriguingly, this segment contains both the crystallized and predicted Ca2+-free
linkers, suggesting a complex binding interface. Sequence analysis of the cadherin family reveals that
similar Ca2+-free linkers are widely distributed in the ectodomains of both vertebrate and invertebrate
cadherins. In cases of long cadherins, there are frequently multiple Ca2+-free linkers in a single
protein chain. It thus appears that a combination of calcium-binding and calcium-free linkers can
allow cadherins to form three-dimensional arrangements that are more complex than the extended,
calcium-rigidified structures in classical cadherins.
Discovery of the Ca2+-free linker, together with the differing numbers and arrangements of
ECs and other domain types, implies that the cadherin superfamily is more structurally diverse than
previously thought. Because little is known about the function and even less about the structure of the

majority of the superfamily, studying the linear architecture (i.e. the precise sequence of ECs and the
characteristics of the interdomain linkers) at the scale of the superfamily would give significant new
insights on the structure and function of less-understood cadherins. With this motivation, we have
constructed a cadherin database with relevant information on two different scales: the protein and the
domain. On the whole protein level, we represent the architecture of each cadherin by recording the
arrangement of ECs, different linker types, and other (non-EC) domain types in the protein. On the
individual EC level, based on the sequence, we record the domain characteristics that give rise to the
different structural features at the protein level. We have annotated over 9,600 proteins from 560
organisms, containing over 69,000 ECs; and built an online interface to search and access this
information. Our aim is to provide a tool for understanding the protein architecture, function, and
relationships among cadherins, a structurally diverse protein family.
Together, these studies examine the relationships between sequence, structure and function of
cadherins at different scales. In the classical cadherin study, small changes of one or two residues can
dramatically alter the dimer conformations and thus lead to large differences in binding affinity
between highly related cadherins, or between wild-type and mutant proteins. These seemingly small
mutations can result in even higher binding affinity with the effect of entropic stabilization by
multiple conformations. In DN-cadherin, the absence of certain calcium-binding motifs in adjacent
ECs leads to a new linker type and a new interdomain orientation. This, in turn, has great implications
in the global shape, and possibly the binding mechanism of the protein. The cadherin database aims
to provide information at different structural levels in order to allow users to draw connections
between primary sequence, domain structure and protein architecture, to ultimately learn about
protein function.
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Chapter I. Introduction
Cadherins are a superfamily of calcium-binding transmembrane glycoproteins, which
share a common, tandemly repeated protein domain called the extracellular cadherin (EC)
domain. Many cadherins are known to be involved in adhesion and cell surface recognition, but
they are found even in single-celled pre-metazoan organisms (Abedin and King 2008, King,
Westbrook et al. 2008). The superfamily is diverse in terms of function and protein architecture
(number of EC repeats, arrangement with other domain types), but the common feature is the EC
domain: about 110 amino acids are arranged in seven β-strands in a Greek-key topology (Figure
1-1A). Consecutive EC domains are typically rigidified by three Ca2+ ions bound in the
interdomain linker region (Figure 1-1B), which involves residues from both adjacent domains.
Most cadherins have a single transmembrane helix, with exceptions such as the GPI-anchored Tcadherin and the seven-pass flamingo cadherin. The cytosolic region varies depending on the
subfamily; in the well-studied classical cadherins, it connects to the actin cytoskeleton through
other interacting proteins (reviewed inShapiro and Weis 2009). The cadherin superfamily is quite
diverse in the different number and arrangement of EC domains, ranging from the short classical
cadherins to much longer cadherins, such as Fat cadherin (predicted to have 35 ECs), Dachsous
(27 ECs) and cadherin-23 (27 ECs). In fact, the choanoflagellate Monosiga brevicollis has
cadherins with as many as 58 cadherin domains (Abedin and King 2008).
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Figure 1 - 1.Elements of the extracellular region of cadherins.
(A) The cadherin EC domain. A single EC is shown in ribbon representation with the seven β-strands
labeled. The topology of the β-sheets is shown as a cartoon on the right. (B) Typical interdomain calciumbinding site. This example is from C-cadherin EC1-2. The EC domains are shown as ribbons, and the
calcium-coordinating residues in stick representation. The conserved motifs formed by them are shown in
red. Calcium ions are orange spheres. (C) The extracellular domain of C-cadherin. A trans dimer is
shown, interacting through the EC1 domains. The calcium binding sites, each binding three ions, are
marked by orange arrows. The grey stripes represent the cell membrane.

Classical cadherins
Cadherins were first discovered as proteins involved in calcium-dependent cell adhesion
in vertebrates (Takeichi 1988). Antibodies to cadherins were found to have similar effects to
calcium depletion, both resulting in a loss of cell adhesion and tissue maintenance in various
experiments (Takeichi 1990).Different cadherin types have been shown to be expressed in
different tissues and cell types (Takeichi 1990, Halbleib and Nelson 2006). They mediate a
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number of processes, especially during development, such as cell sorting, subtype switching, cell
movement, and neural organization. They play a role in differentiating cell types – for example, a
change in expression of E-cadherin to expression of N-cadherin accompanies neurulation in
chick embryos, as the neural tube separates from the epithelial layer (Hatta, Takagi et al. 1987).

The classical cadherins localize to adherens junctions(Yap, Brieher et al. 1997),
connecting apposing membranes at distances of about 15 to 25 nm (Farquhar and Palade 1963,
Miyaguchi 2000). They have three structural regions: the extracellular region, a single
transmembrane pass, and the cytoplasmic region. They connect to the actin cytoskeleton, viathe
cytoplasmic region binding top120 and β-catenin (Hirano, Nose et al. 1987, Halbleib and Nelson
2006,Shapiro and Weis 2009). The extracellular region consists of five EC domains, with
calcium ions bound at each interdomain linker (Table 1-1).

Cadherin
subfamily

Number of EC
domains

Calciumfree linkers

PDB codes for
extracellular regions
1EDH, 1FF5, 1L3W, 1NCG, 1NCH, 1NCI, 1NCJ,
1Q1P, 1SUH, 1ZXK, 2A4C, 2A4E, 2A62, 2O72,
2QVF, 2QVI, 2V37, 3K5R, 3K5S, 3K6D, 3K6F, 3K6I,
3LND, 3LNE, 3LNF, 3LNG, 3LNH, 3LNI, 3Q2L,
3Q2N, 3Q2V, 3Q2W, 3QRB
2YQG
none
none
none
2WBX, 2WCP, 2WD0, 2WHV, 3MVS, 4APX, 4AQ8,
4AQA, 4AQE, 4AXW

classical cadherin

5

none

desmosomal
fat
fat-like
dachsous

5
35
34
27

none
4-5
10-12
4-6

cadherin-23

27

none

6

none

1WUZ, 1WYJ, 2EE0, 2YST

16
8
9

2
1
1

3UBF, 3UBG, 3UBH
none
none

clustered
protocadherin
DN-cadherin
DE-cadherin
CELSR/flamingo

Table 1 - 1.Characteristics of major cadherins and cadherin subfamilies. In the case of fat, fatlike and dachsous cadherins, the number of calcium-free linkers varies with subtype and species.
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The importance of the first, membrane-distal EC domain for binding specificity was
observed quite early on (Takeichi 1990).It was first thought that subtypes segregate and bind in a
strictly homophilic manner, in which only cells expressing the same cadherin subtype would
bind to each other. However, there has been evidence of heterophilic adhesion between subtypes
both in vivo, where cells expressing different subtypes are still in contact, and in vitro, where
heterotypic cell adhesion has been seen (Niessen and Gumbiner 2002, Duguay, Foty et al. 2003,
Foty and Steinberg 2005, Katsamba, Carroll et al. 2009). The classical cadherins are further
divided into the “type I” and “type II” cadherins, which have 6 and 13 subtypes
respectively.Typically, type I and type II expressing cells segregate, while some degree of
aggregation is seen among cells expressing different cadherins of the same subfamily (type I or
type II)(Patel, Ciatto et al. 2006).

Crystal structures have revealed the features of the extracellular region. The EC domains
share certain typical features: there are conserved hydrophobic positions in the different strands
that together form the interior of the domain; additionally, the conserved XPXF motif marks the
beginning of the domain’s A-strand (Posy, Shapiro et al. 2008). The calcium binding sites
between domains are also highly conserved:calcium-binding residues from both domains form
the site, which binds three Ca2+ ions. These residues are located on the AB and EF loops of one
domain, the BC and FG loops of the next domain, and the interdomain linker connecting the G
and A strands of the two ECs, as shown in Figure 1-1B. In one domain, then, the different
calcium-binding motifs contribute to the interdomain linker sites at either end of the EC. Because
they are so well-conserved, these features can be identified in the sequence of the domains.
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Binding interfaces of the classical cadherins
The entire extracellular region of classical cadherins consists of five EC domains. The
binding of the three Ca2+ ions at each of the four interdomain sites gives the extended, curved
conformation (Figure 1-1C). It has been shown that without calcium, trans binding across cell
membranes is inhibited (Troyanovsky, Sokolov et al. 2003, Kim, Tai et al. 2011). The extended
shape conferred by calcium binding is necessary for the correct positioning of the binding
interfaces, since trans binding occurs between the membrane-distal EC1 domains (reviewed in
Patel, Chen et al. 2003). Multiple crystal structures have shown this binding site, which is
contained in the EC1 domain (such as Shapiro, Fannon et al. 1995, Boggon, Murray et al. 2002,
Haussinger, Ahrens et al. 2004, Parisini, Higgins et al. 2007) and is referred to as the “strandswapped” interface. In type I cadherins, the Trp2 residues at the N-terminal end of the A-strand
is exchanged and inserted into a hydrophobic pocket in the partner molecule. While the EC1
domains are oriented in parallel, because of the shape of the whole extracellular domain with
calcium bound, the molecules are correctly positioned for transbinding. Type II classical
cadherins bind with asimilar mechanism, also swapping the A-strands, however, both Trp2 and
Trp4 residues are exchanged (Patel, Ciatto et al. 2006). The interfaces formed bury about 1850
Å² in type I, and 2700-3300 Å² in type II classical cadherins.

A comparison of the EC1 domain, which performs swapping, and the other non-swapping
domains has shown the determinants of this binding mode (Posy, Shapiro et al. 2008). The
strand-swapped interface requires that the EC1 domain’s A-strand has the Trp2 and Glu11
residues at either end, which, combined with the shorter length of the A-strand, produce a strain
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in the closed monomer form that promotes strand swapping (Vendome, Posy et al. 2011). Based
on these determinants, a non-swapping EC2 domain was successfully mutated into an EC
capable of swapping: the EC2 of E-cadherin was mutated by replacing Phe by Trp at the position
corresponding to Trp2, and the A-strand was shortened. The mutant EC2-EC3 two-domain
construct dimerizes in analytical ultracentrifugation (AUC), while the wild-type EC2-3 construct
does not dimerize (Vendome, Posy et al. 2011).

Another transinterface has been observed in classical type I cadherins, when mutations in
the swapping interface were made. In E-cadherin, several swapping mutations were made, such
as mutation of Trp2 to alanine (W2A) to remove the exchanged Trp residues. This mutation
results in lower-affinity binding through an interface involving EC1 and EC2 of each protomer,
which is centered around the interdomain linker region (Nagar, Overduin et al. 1996, Pertz,
Bozic et al. 1999,Harrison, Bahna et al. 2010). The orientation of the monomers around the
interface gives it the name “X-dimer interface”. This interface is also observed in type II
cadherins, as in the case of the W4A mutation of cadherin-6 (Harrison, Bahna et al. 2010). In Ecadherin, the X-interface acts as kinetic intermediate to the formation of the strand-swapped
dimer, allowing the EC1 domains to come into close proximity and thus facilitating the strand
swapping process. In T-cadherin, which is similar to classical cadherins but lacks a cytoplasmic
region and has a GPI anchor instead, the X-interface is the primary adhesive interface (Ciatto,
Bahna et al. 2009). The X-interface has been shown to be involved in the cadherin junction
assembly and disassembly (Harrison, Bahna et al. 2010, Hong, Troyanovsky et al. 2011).
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Another conserved interface has been observed in crystal structures of type I classical
cadherins. This interface is asymmetric, involving residues from the EC1 domain on one side,
and from EC2-3 on the other. The two cadherin protomers involved are oriented such that they
would extend from the same cell surface, forming a cis interaction. This interface has been seen
in E-, N- and C-cadherin crystals, together with the trans interfaces. As seen from the crystal
structures, the combination of trans (swapping) and cis interactions organize two layers of
cadherins into an ordered, two-layer lattice, which likely corresponds to the adherens junction
structure (Harrison, Jin et al. 2011). This is a very low-affinity interface, but mutation of it has
been shown to reduce adhesion in liposomes and disrupt junction organization. Although type II
cadherins are very similar in their transinteractions, this cis interface has not been observed in
their crystal structures (Harrison, Jin et al. 2011).

Thus, in type I classical cadherins these three interfaces are thought to function together
to assemble the ordered junction: the swapped interface, which is the main adhesive dimer; the
X-interface, which is an intermediate to facilitate formation of the swapped interface; and the cis
interface, which helps cluster strand-swapped dimers. These interfaces are conserved across the
different type I cadherins, which share high sequence similarity, yet they have distinct binding
affinities. The binding affinities of heterophilic and homophilic interactions have been found for
E- and N-cadherin: the KD of N-cadherin homophilic binding is about an order of magnitude
stronger than that of E-cadherin homophilic binding; while the E-N heterophilic binding
affinitylies between these two values (Katsamba, Carroll et al. 2009). Remarkably, these very
specific differences in binding affinity exist despite high sequence similarity between the
subtypes. The EC1 domains of E- and N-cadherin are, for example, about 60% identical. These
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subtle but distinct differences at the molecular level result in highly specific behavior at the
cellular level (Chen, Posy et al. 2005). Chapter 2 will explore the determinants of binding
affinity in the classical cadherins, focusing on the source of the difference between N- and Ecadherin. In particular, we compare the binding affinities of the different interfaces, and look at
the effect of these affinities on each other.

Classical cadherin homologs in other organisms
The classical cadherins described above are unique to vertebrates; however, there have
been cadherins identified in non-vertebrates that play a similar role in adhesion. Specifically,
they have catenin-binding cytoplasmic regions, and although their extracellular regions are quite
different, in this regard they can be considered homologs of the classical cadherins. In
Drosophila, EC-containing proteins have been identified (Hill, Broadbent et al. 2001), and three
of these appear to have catenin-binding sites in their cytoplasmic region, and have been shown to
interact with the Drosophila homolog of β-catenin (Oda, Uemura et al. 1994, Iwai, Usui et al.
1997, Hill, Broadbent et al. 2001). Two of them, DN-cadherin and DN-cadherin-2, are encoded
by genes CadN and CadN2,and are closely related likely through a gene duplication. The third,
DE-cadherin, is encoded by the gene Shotgun. DE- and DN-cadherin have been shown to
function similarly to classical cadherins, for example in calcium-dependent cell adhesion assays
(Oda, Uemura et al. 1994, Yonekura, Ting et al. 2006). Remarkably, they contain more EC
domains in their ectodomain as compared to vertebrate classical cadherins: 8 and 16 ECs
respectively, compared to 5; andthey also contain EGF and laminin domains, which are absent in
vertebrate classicals.
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Sequence analysis of the EC1 domains has shown that they lack the features necessary
for swapping. This observation, and the larger number of EC domains, support the hypothesis
that these nonvertebrate cadherins employ a different binding mechanism than their vertebrate
counterparts (Posy, Shapiro et al. 2008). Our goal in Chapter 3 was to better understand the
structure and binding mechanism of DN-cadherin. Using analytical ultracentrifugation, we found
that the first nine EC domains are required for dimerization in solution. Using crystallization and
X-ray diffraction of the first four EC domains, we discovered a novel linker type which does not
bind calcium. This is a drastic difference from classical cadherins, where the three calcium ions
bound at each linker serve to extend and rigidify the molecule. In the DN-cadherin EC2-3, the
domains have a bent orientation between domains. Sequence analysis revealed another such
linker later in the DN-cadherin sequence, and also in DE-cadherin. We believe that the calciumfree linkers allow the DE- and DN-cadherin ectodomains to fit into the intercellular space,
despite their length.

We identified the sequence signature of the new calcium-free linker, and performed a
family-wide search for these markers. We found that it is a motif common to several groups of
long cadherins, as well as many unclassified cadherins. We believe that this allows variation in
cadherin ectodomain structure, which can be more complex than the linear shapes observed until
now; and that this linker type can play important roles in cadherin function.

Nonclassical cadherins: the rest of the superfamily
The superfamily includes a great number of cadherins other than the vertebrate classicals
and their homologs. The cadherin family is very diverse, in bothprotein architecture and binding
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mechanisms, and also in their different biological roles. In fact, proteins containing cadherin
domains are even found in unicellular organisms such as choanoflagellates, where we expect
them to have different roles than cell-cell adhesion. Taking the whole superfamily together,
phylogenetic analysis has been used to elucidate their relationships to one another (Nollet, Kools
et al. 2000, Hulpiau and van Roy 2009), and sequence and structure has been used to classify
them into subfamilies.

The desmosomal cadherins, which include both desmocollins and desmogleins, are
closely related to the classical cadherins (Hulpiau and van Roy 2009). These also contain five EC
domains, but their cytosolic region links them to the intermediate filaments (Bornslaeger,
Corcoran et al. 1996, Green and Gaudry 2000). Based on sequence analysis, it is likely that
desmosomal cadherins also dimerize through strand-swapping, similar to the mechanism of
classical cadherins (Posy, Shapiro et al. 2008). Electron microscopy (EM) studies also show tipto-tip binding, similarly to how classical cadherins bind(He, Cowin et al. 2003, Al-Amoudi and
Frangakis 2008), though it seems that the desmosomal junctions are wider, with a different angle
to the plasma membrane as compared to classicals (Harrison, Jin et al. 2011).

The clustered protocadherins are another family unique to vertebrates (reviewed in
Morishita and Yagi 2007). This large group of over 50 members are involved in neural
connectivity (Wu and Maniatis 2000), and were first discovered in the mouse brain and called
cadherin-related neuronal receptors (CNR). They are further divided into the α, β, and γ clusters,
corresponding to their gene architecture. They have six EC domainsand have been shown to
mediate adhesion. While the binding mechanism is not known, they are thought to form
heterocomplexes with both cis and transinteractions (Schreiner and Weiner 2010, Yagi 2012).
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There are several larger, atypical cadherins that are involved in planar cell polarity, which
are present both in vertebrates and invertebrates: Fat and Dachsous (Ds), which have 35 and 27
predicted EC domains respectively; and Flamingo (Fmi), which has 9 ECs. Flamingo is unique
among the cadherins in having a seven-pass transmembrane domain, instead of a single
transmembrane helix. Various studies have shown that these atypical cadherins can adhere cells,
but their primary function seems to be to propagate polarity cues in cells and tissues, beyond
mere “mechanical” adhesion (Halbleib and Nelson 2006). These cadherins were first discovered
in Drosophila, which has a single Flamingo cadherin (also called Starry Night); one Dachsous;
and two Fat cadherins: Fat and Fat-like. In vertebrates, each of these cadherins has multiple
corresponding homologs. The mammalian CELSR-1, -2, and -3 are homologs of Flamingo;
Dachsous-1 and Dachsous-2 are homologs of Ds. Mammalian Fat-4 is the homolog of
Drosophila Fat-like, while Fat-1, -2 and -3 are the homologs of Fat. Some homophilic adhesion
is seen among mammalian Fat cadherins; and heterophilic adhesion is observed between
Drosophila Fat and Dachsous, as well as mammalian Fat-4 and Dachsous-1(Matakatsu and Blair
2004, Ishiuchi, Misaki et al. 2009). The binding mechanism, however, is still not known.

Cadherin-23 (Cad-23) and protocadherin-15 (Pcdh-15) are other long cadherins,
consisting of 27 and 11 EC domains respectively. In vertebrates, they interact to form the tip link
which connects adjacent stereocilia in the inner ear. They form cis multimers which then bind
heterophilically across the intercellular space, as seen from EM (Kazmierczak, Sakaguchi et al.
2007, Sotomayor, Weihofen et al. 2010). Crystal structures have shown the heterophilic binding
interface between Cad-23 and Pcdh-15 (Sotomayor, Weihofen et al. 2012), between monomers

12

of each protein interacting in trans. Thus the structure of the whole complex – consisting ofcis
homocomplexes of each protein which then interact in trans – is yet unknown.

In addition to the cadherins described above, there are many more members of the
superfamily that do not clearly fall into specific subfamilies. Among the whole superfamily, the
cadherin ectodomain is quite variable in the number of EC domains, and different combinations
of other domain types (non-EC domains) they contain. The discovery of calcium-free linkers and
subsequent search of the superfamily shows that the different linker types can provide even
morearchitectural complexity. We know relatively little about the possible quaternary structures.

However, combining what we know about the structure of cadherins (of the classical
cadherins and a few other members, including that of DN-cadherin showing the calcium-free
linker), and what we know about their sequence (knowing the sequence markers of these
structural features), we can predict many features of cadherins for which we only have the
sequence available. These features, in turn, can provide information about the architecture and
possible function of the cadherins. Chapter 4 will show the work done to categorically describe
the structurally important features of the proteins, and the organization of this information into a
databaseto make it accessible. Our goal is to leverage what we already know for well-described
members in order to draw conclusions about the more unknown members of the family.

Together, the work presented here aims to combine sequence and structural knowledge of
cadherins to better understand, describe, and predict the architecture and function of cadherins;
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both in very specific cases, such as among the highly related classical cadherins, and in the broad
analysis of the architecture of all members of the superfamily.
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Chapter II.Unexpected determinants of binding underlie the adhesive
selectivity of N- and E-cadherins
The following chapter is the manuscript (not yet submitted) of an article by:
Jeremie Vendome1, Klara Felsovalyi1, Hang Song 1 , Zhongyu Yang, Goran Ahlsen, Phini
Katsamba, Xiangshu Jin, Anna Kaczynska, Wayne Hubbell, Lawrence Shapiroand Barry Honig

Introduction
In metazoans, the elaboration and maintenance of multi-cellular architectures relies upon
the ability of cells to specifically adhere to one another. Cadherins constitute a superfamily of
single-pass transmembrane proteins that can confer such specific adhesive properties to cells
(Takeichi 1990). In particular, the classical type I and type II cadherins, which are only found in
vertebrates and are characterized by an extracellular region comprised of five extracellular
cadherin (EC) domains, have been shown to help drive cell patterning behavior in numerous
settings; for example, in embryogenesis and morphogenesis (Takeichi 1995, Gumbiner 2005,
Halbleib and Nelson 2006), and in neural patterning (Price, De Marco Garcia et al. 2002, Suzuki
and Takeichi 2008). Cells expressing the same cadherin at their surface aggregate through
homophilic interactions, while cells expressing different cadherins segregate into distinct layers,
which, in at least some instances, remain in contact with each other through heterophilic binding
between the different cadherins, as has been observed in vivo (Duguay, Foty et al. 2003, Foty
and Steinberg 2005) and in vitro (Katsamba, Carroll et al. 2009).

1

J.V., K.F., and H.S. contributed equally to this work. Of the work described in this chapter, together with Jeremie
Vendome, I performed the sequence analysis, phylogenetics, buried surface area calculations and modeling; and
assisted in the writing of the manuscript.
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Cell adhesion mediated by classical cadherins involves the dimerization of cadherin
extracellular domains emanating from apposed cell surfaces through an interface confined to the
N-terminal EC1 domain (Figure 2-1A). Numerous crystal structures have revealed the atomic
details of the trans (i.e., between cells) dimerization interface for three type I cadherins: C-, Eand N-cadherins (Boggon, Murray et al. 2002, Patel, Ciatto et al. 2006,Parisini, Higgins et al.
2007). In all three cases, the partner molecules exchange, or swap, their N-terminal β-strand (the
A*-strand), whose conserved Trp2 residues provide an “anchor” for the adhesive interface by
docking into a complementary hydrophobic pocket in the partner protomer (Figure 2-1A).

There is a considerable body of evidence demonstrating that the adhesive properties of
cells reflect the binding properties of the cadherin molecules they express, and that these
properties depend critically on the strand-swapped interface. Notably, a variety of mutations
altering the swapped interface abrogate adhesion in cell aggregation studies (Tamura, Shan et al.
1998, Troyanovsky, Sokolov et al. 2003,Harrison, Corps et al. 2005). Moreover, in vitro and in
vivo studies of cadherin chimeras where the EC1 domain of one cadherin has been replaced by
that of another, have shown that the specificity of cell aggregation is determined by the identity
of the EC1 domain (Shan, Koch et al. 1999, Price, De Marco Garcia et al. 2002, Patel, Ciatto et
al. 2006). However, the precise molecular underpinnings of the specific adhesive properties
conferred to cells by the different type I cadherins remains unknown.

Homotypic cell sorting behavior, which typifies classical cadherin function, was first
interpreted as evidence that cadherin dimerization at the molecular level would obey strict
homophilic specificity. However, biophysical studies with purified cadherin ectodomains have
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shown this idea to be incorrect. Indeed, type I cadherins are very similar in sequence and
structure both overall, and at the trans-dimerization interface (Boggon, Murray et al. 2002, Patel,
Ciatto et al. 2006,Parisini, Higgins et al. 2007). For the case E- and N-cadherins, which have
slightly different homophilic dimerization free energies: -6.6 kcal/mol (-6.25 at 25°C) for Ncadherin and -5.4 kcal/mol (-5.47 at 25°C) for E-cadherin (Katsamba, Carroll et al. 2009), the
binding free energy of heterophilic N-/E- dimerization is intermediate between these two
homophilic values (Katsamba, Carroll et al. 2009). Using simple theoretical models and
Steinberg’s Differential Adhesion Hypothesis, we showed that this combination of homophilic
and heterophilic molecular binding affinities predicts cell sorting behavior that is consistent with
experimental observations (Foty and Steinberg 2005, Katsamba, Carroll et al. 2009). The link
between molecular and cellular behavior also depends on the formation of multiple dimers at the
contact surface between two adhesive cells, thus amplifying the small affinity differences at the
level of single molecules (Chen, Posy et al. 2005). It thus appears that subtle differences in the
sequence and structure of type I cadherins can have profound effects on cellular behavior, but the
molecular origins of these differences has not yet been determined.

Elucidating the source of about a 1 kcal/mol difference in binding free energy between
two nearly identical molecules poses an intriguing problem. The strand-swapped nature of
cadherin trans-dimerization makes the problem even more challenging since it is not possible to
deduce the binding affinity determinants from the crystal structures of the binding interfaces
alone. This is because an important consequence of β-strand swapping, or more generally of 3D
domain swapping, is that each interaction that stabilizes the dimeric conformation is also formed
intra-molecularly in the closed monomer, and theoretically stabilizes the latter approximately as

17

much as the former. Therefore, the contribution of a residue at the swapped interface is hard to
determine, since both end states have to be considered. We recently found that one source of
energy difference between the swapped dimer and the closed monomer is conformational strain
in the A*/A-strand (Figure 2-1A) in the closed monomer, thus favoring dimerization (Vendome,
Posy et al. 2011).

Figure 2- 1.Structures of trans dimers of classical cadherins, showing domains EC1-2.
Ribbon representations are shown with protomers in blue and orange; calcium ions shown as
green spheres. (A) Swapped dimer of E-cadherin (2QVF). The A*-strand includes the first
three residues in the sequence which swap during dimerization. The A strand constitutes the last
four residues (7-10) in the first β-strand. The A* and A-strand are connected by Ile4, Pro5 and
Pro6, which serve as a hinge for strand swapping (see also Figure 2-2B). The exchanged Trp2 at
the end of each A*-strand is indicated, as are the A* and A-strands. (B) X-dimer of E-cadherin
(3LNG). The Trp2 residue of each monomer is docked into its own hydrophobic pocket.

Classical cadherins have a second dimerization interface that can form in the trans
orientation. Certain mutations that disrupt strand-swapping in E-cadherin result in the formation
of a distinct, lower-affinity interface formed around the Ca2+-binding interdomain linker region
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of EC1 and 2 (Nagar, Overduin et al. 1996, Pertz, Bozic et al. 1999, Harrison, Bahna et al. 2010):
the X-dimer (Figure 2-1B). While for the non-classical truncated (T-) cadherin, this X-dimer is
the primary adhesive interface (Ciatto, Bahna et al. 2010), in E-cadherin this interface functions
as a kinetic intermediate in the formation of the strand-swapped dimer (Harrison, Bahna et al.
2010). Specifically, X-dimer formation positions the partner protomer EC1 domains
appropriately so that strand swapping can then proceed efficiently. The binding affinities
measured for E-cadherin mutants which can form only X-dimers reveal very weak binding, with
a KD about an order of magnitude weaker than that of the wild-type strand swapped dimer
(Harrison, Bahna et al. 2010). Based on high sequence and structural similarity in the type I
cadherin subfamily, it has been suggested that the X-dimer could play a similar role in the other
type I classical cadherins (Harrison, Bahna et al. 2010), but this idea remains to be
experimentally verified.

Here we report new studies aimed at understanding the relationship between the
sequences, structures, and molecular binding energetics for type I classical cadherins. We use
analytical ultracentrifugation (AUC) to quantify the homophilic binding affinities for each type I
cadherin, and surface plasmon resonance biosensor analysis (SPR) to characterize heterophilic
binding between each type I cadherin pair. The combined AUC and SPR measurements provide
a nearly complete interaction matrix for this important family of cell adhesion proteins. We use
structure-guided mutagenesis to identify key residues that contribute to the specificity and/or
strength of type I cadherin adhesive binding. Some of these residues are located in the Trp2
acceptor pocket, but these alone fail to fully explain affinity differences between N- and Ecadherins. Remarkably, much of this difference appears to arise from distinct properties of each
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molecule’s X-dimer interface. Whereas E-like (E-, P- and C-) type I cadherins form X-dimers
with very weak binding affinities that function mainly as kinetic intermediates, N-like (N- and R) cadherins reveal X-dimer affinities nearly an order of magnitude stronger, close to the affinities
of their strand-swapped interfaces. New crystal structures and distance measurements based on
electron paramagnetic resonance (EPR) studies show that while wild-type N-cadherin uses the
swapped interface, several mutations proven to weaken strand swapped binding in E-cadherin
result in N-cadherin mutants that engage both the swapped and X-dimer interfaces
simultaneously. These lines of evidence suggest that X-dimers play distinctive roles in Ncadherin and E-cadherin, and that, in some mutants of N-like cadherins, the strong X-dimer
interface may significantly contribute to binding strength and specificity. More generally, our
study reveals a novel mechanism for the entropic stabilization of protein-protein interactions
involving a conformational equilibrium between nearly isoenergetic species.

Results
Homophilic and heterophilic binding affinities of type I cadherins
A phylogenetic tree (see Methods) of type I cadherin EC1 recognition domain sequences
reveals two main branches; one containing N- and R-cadherins, and a second including E-, Cand the more distantly related P-cadherin(Hulpiau and van Roy 2009) (Figure 2-2A). All
sequences in Fig. 2A are from mouse, with the exception of C-cadherin which is unique to
Xenopus. Nevertheless, C-cadherin clearly groups with E- and P-cadherins. P-cadherin, while
closer to E- and C-cadherin in the phylogenetic tree, has N-like subtype-specific residues at some
positions. M-cadherin has a lower sequence similarity with the other type I cadherins and stands
by its own on a separate branch.
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Figure 2- 2.Sequence comparison of classical cadherins.
(A) Phylogenetic tree (obtained with PhyML method, see material and methods) of classical
cadherins based on the EC1 domain sequences of mouse E-, P-, N-, R- and M-cadherin, and
Xenopus C-cadherin. (B) Sequence alignment of EC1 and EC2 domains. Subtype-specific
residues are highlighted in red and blue, and conserved residues in gray. The swapped- and Xdimer interfaces are marked by black (above sequence) and green (below sequence) bars
respectively. Positions of the β-strands are indicated by the arrows above the sequence.

In previous work, we used AUC to determine dissociation constants for the
homodimerization of EC1-2 adhesive binding fragments from E- and N-cadherins from several
species (Katsamba, Carroll et al. 2009). The results indicate that relative adhesive binding
affinities

are

conserved

among

species,

with

N-cadherin

exhibiting

much

tighter

homodimerization corresponding to a KD almost an order of magnitude lower than that of Ecadherin. Here we have used the same method to determine the homodimerization KDs for the
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remaining type I cadherins in mouse (P- and R-cadherins), and also for Xenopus C-cadherin
(Table 2-1). We could not obtain a measure for M-cadherin EC1-2 because it was unstable in
solution; however, the complete ectodomain of mouse M-cadherin corresponding to EC1-5 was
well-behaved, and revealed a homophilic dimerization KD of 83.1 ± 4.15 µM.

Wild-type

W2A mutant

K/R 14E mutant

E-cad

96.5 ± 10.6 1

916 ± 47 2

117 ± 8 2

W2A, K/R14E
double mutant
monomer2

C-cad

126.7 ± 19.73

KD(µM):

P-cad
N-cad
R-cad

monomer (>1000)

122 ± 2.5

n.a

30.9± 1.0

2

monomer (>1000)

38.3 ± 2.18

n.a.

25.8 ± 1.5

1

26.9 ± 3.1

41.4± 2.11

monomer

13.7 ± 0.2

2

11.8 ± 0.59

10.3 ± 2.25

n.a.

Table 2 - 1.Dissociation constants for type I classical cadherins: wild-type and mutations of the
swapped interface (W2A), X-dimer interface (K/R14E) and both interfaces (W2A, K/R14E
double mutant). Mouse EC1-2 domain constructs were measured by AUC at 25°C. Data are
given as mean ± s.d.

Remarkably, type I cadherins from the same branch of the EC1-based phylogenetic tree
display similar binding affinities. Specifically, N- and R-cadherins each have a KD around 20 µM
(25.8 and 13.7 µM respectively), while E- and C-cadherin have significantly higher KDs, around
100 µM (96.5 and 126.7 µM respectively) (Table 2-1). Though closer in sequence to E- and Ccadherin, P-cadherin has an N-like binding affinity of 30.9 µM. The difference in binding free
energy between the subtypes corresponds to about 1 kcal/mol: 6.3 and 6.6 kcal/mol for N- and Rcadherin, as opposed to 5.5 and 5.3 kcal/mol for E- and C-cadherin. We will refer to these two
subtypes as the N-like cadherins (for N- and R-cadherins) and the E-like cadherins (for E- and Ccadherins). Noticeably, P-cadherin cannot be fully associated with one of these two subtypes,
since its EC1 domain sequence is more similar to the E-like cadherins while it has a binding
affinity in the range of N-like cadherins.
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In order to assess heterophilic binding affinities between all pairs of type I cadherins, we
performed surface plasmon resonance (SPR) experiments in which the binding strength of two
molecules is determined by flowing one (the analyte) over a chip on which the second one is
immobilized (the ligand). Mouse E-, P-, N- and R-cadherin and Xenopus C-cadherin two-domain
constructs were used as both ligands and analytes in the experiments (Figure 2-3). M-cadherin
was included in this set of experiments due to solubility problems of its EC1-2 constructs.

Figure 2- 3.SPR analysis of the heterophilic binding of type I cadherins.
Each of the five type I cadherins, C-, E-, N-, P- and R-cadherin analytes was injected at 12 µM
monomer concentration over individual sensor chip surfaces immobilized with each of the five
type I cadherin at 70 µM monomer concentration. The responses are color-coded as indicated by
the figure legend. The immobilized molecule for each panel proteins is shown in italics at the
top.
As described in our previous study of E- and N-cadherins (Katsamba, Carroll et al. 2009),
homophilic binding in classical cadherins competes with heterophilic binding, resulting in an
uncertainty associated with the amount of monomeric ligand on the chip. In general, this problem
precludes the measurement of absolute heterophilic KDs by SPR in cases where heterophilic and
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homophilic binding use the same site and are thus mutually exclusive. However, combining
AUC measurements of homophilic binding affinities (to estimate monomer concentrations in the
mobile phase) with SPR measurements allowed us to rank and place upper and lower bounds on
the binding affinities for different pairs of type I classical cadherins (Figure 2-4). We have
displayed these on a relative binding affinity scale with weak to strong binding running left to
right. The results show that type I cadherins can dimerize homophilically and heterophilically
with KDs ranging over more than an order of magnitude. N- and R-cadherins (N-like) are found
at the high affinity end of the scale for both homophilic and their mutual heterophilic interactions
whereas E- and C-cadherins (E-like) are at the low affinity end of the scale for both types of
interactions. Heterophilic interactions between N-like and E-like cadherins in all cases are
intermediate in affinity between the N-like and E-like extremes. Notably, P-cadherin has a
homophilic binding affinity in the range of the N-like cadherins while heterophilically it binds
much more weakly to N-like cadherins than to E-like cadherins. Whether this behavior has any
functional significance is, at this point, unknown.

Figure 2- 4.Scale of homophilic and heterophilic binding affinities.
Homophilic binding affinities, determined by AUC, are given as both KD and ∆G values. The
ranges of possible heterophilic binding affinities, determined by SPR, are indicated by the blue
bars. The interactions are colored according to whether they are cadherins of the same subtype,
or between subtypes.
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Differences in packing between the strand swapped interfaces of N-like and E-like cadherins
accounts for differences in binding affinities of wild type proteins but not of mutants
It is of interest to understand the structural and energetic origins of the small but
significant differences in binding affinities of type I cadherins. Sequence alignment shows that
some of the residues at the swapped interface are very conserved across species within each
subtype but that there are distinct differences at some positions in the alignment between E-like
and N-like cadherins (Figure 2-2B). Taking mouse N- and E-cadherins as representatives of their
subfamilies, we used site-directed mutagenesis to study the role of subtype-specific residues
around the swapped interface using solution biophysical analyses to assess the importance of
each residue. We first focused on residues 78 and 92 that are located on the floor of the
hydrophobic Trp2 binding pocket. Residue 78 is Ala in N-cadherin and Ser in E-cadherin;
residue 92 is Ile in N-cadherin and Met in E-cadherin. Switching these residues between N- and
E-cadherins has an intriguing effect on binding affinity. The S78A, M92I E-cadherin mutant has
a KD of 23.8 µM as opposed to 96.5µM in wild type (Table 2-2) so that changing these two
residues transforms E-cadherin into protein with N-like homophilic affinity. This in turn suggests
that, in E-like cadherins, the Trp pocket mutants could be the major determinants of KD.
However, the reciprocal mutations in N-cadherin (i.e. N-cadherin A78S,I92M), rather than
decreasing the binding affinity of N-cadherin to the level of E-cadherin as might be expected,
actually increase the binding affinity of N-cadherin from a KD of 26.8µM in wild-type to 4.0µM
in the double mutant (Table 2-2). Single-site mutants confirm this overall behavior (Table 2-2)
which appears due primarily to position 92. An Ile at this position 92 yields N- and E-cadherin
that bind with similar affinities while a methionine at this position causes E-cadherin to bind
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more weakly and N-cadherin to bind more strongly. Residue 78 has a slight effect on KDs: an
alanine in this position makes the binding slightly tighter in each case.
Residue 78 Residue 92

KD (µM)

Ecad12 wild type

S

M

96.5 ± 10.6 1

Ecad12 S78A

A

M

85.7 ± 3.9

Ecad12 M92I

S

I

54.6 ± 3.8

Ecad12 S78A M92I

A

I

23.8 ± 1.6

Ncad12 wild type

A

I

25.8 ± 1.5 1

Ncad12 A78S

S

I

34.4 ± 2.0

Ncad12 I92M

A

M

2.6 ± 0.2

Ncad12 A78S I92M

S

M

4.0 ± 1.0

Table 2 - 2.Dissociation constants for E- and N-cadherin Trp2 binding pocket mutants.

Analysis of the crystal structures of wild type E- and N- and C-cadherins offers a partial
explanation of the critical role of the residue at position 92. Residue 92 lies at the entrance of the
Trp2 pocket and is packed into a large hydrophobic cluster at the swapped interface formed by
Trp2, Val3, Ile4, Pro5 and Ile24 which are all highly conserved among type I cadherins (Figure
2-5A-B, Figure 2-2B). As is evident from the figure, the packing in N-cadherin is tighter than
that in E-cadherin (and in C-cadherin – figure not shown).
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Figure 2- 5.Effect of the Trp2 pocket lining residues.
(A-C) Detailed view of side chain packing at the hydrophobic binding pocket of Trp2, of wildtype N-cadherin, wild-type E-cadherin and N-cadherin double mutant A78S I92M. The Trp2
residue of each protomer is shown in blue or red, and the side chains lining the pocket are shown
in space-filling representation. Residues 78 and 92 are shown in green. (D) Superposed ribbon
diagrams of the strand-swapped EC1 dimers. The crystal structure of E-cadherin (2QVF) is
shown in blue, C-cadherin (1L3W) in green, N-cadherin (2QVI, wild-type) in red, and the Ncadherin double mutant A78S I92M in orange. The A-strand is labeled as a reference to compare
the angle of the different dimers, as described in the main text.

The effect seems due in part to the longer sidechain of Met 92 which interferes somewhat
with close packing (compare Figure 2-5A to 5B). This is reflected in the buried hydrophobic
surface area which is significantly larger for N-cadherin (~1200 Å2) than E-cadherin (~1000 Å2)
(Table 2-3).
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N-cad WT (2QVI)
N-cad A78S I92M (form 1)
N-cad A78S I92M (form 2)
E-cad WT mouse (2QVI)
E-cad WT human (2O72)
C-cad WT (1L3W)

Residues 78
and 92
A78, I92
S78, M92
S78, M92
S78, M92
S78, M92
S78, M92

Total BSA
(Å2)
1838.8
1746.6
1751.1
1834.1
1800.5
1840.5

Hydrophobic BSA
(by residue)
1201.8
998.4
1027.2
1008.5
1031.1
970.1

Table 2 - 3. Surface area buried at the swapped interfaces.

Notably, in models we have constructed for closed monomers (details in Table 2-4) there
is essentially no difference between the buried hydrophobic areas of E- and N-cadherin. Thus,
the additional ~200 Å2 buried area in the dimer of N-cadherin offers a possible explanation of its
greater dimerization affinity. To test the role of positions 78 and 92 in inter-domain packing, we
determined the crystal structure of the EC1-2 domain region of the N-cadherin A78S I92M
double mutant (see Methods for details). As can be seen in Figure 2-5C the hydrophobic packing
the double N-cadherin mutant is much closer to that of E-cadherin than to wild type N-cadherin.
The better packing in N-cadherin appears associated with a smaller inter-EC1 domain angle than
in E-cadherin (Figure 2-5D). In fact, all the available crystal structures of type I cadherin
swapped dimers cluster in two conformations that correspond to the nature of residues 78 and 92
(Figure 2-5D).
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N-cadherin: total buried surface area 966.5 Å²
polar
hydrophobic
Asp1
101.3
Trp2
196.3
Asn8
5.3
Val3
50.7
Arg23
11.4
Ile4
94.6
Arg25
52.0
Pro5
49.3
Ser26
18.2
Pro6
108.0
Asp27
28.7
Ile7
42.6
Arg28
0.6
Val22
33.5
Tyr36
3.1
Ile24
21.6
Glu89
32.7
Ala78
19.8
Asn90
2.1
Ala80
3.1
Asp93
5.4
Ile92
37.8
Asn97
2.0
Ile94
22.3
Val95
24.2

262.7

E-cadherin: total buried surface area 989.7 Å²
polar
hydrophobic
Asp1
99.0
Trp2
205.8
Ser8
2.6
Val3
50.1
Gln23
6.9
Ile4
100.6
Lys25
56.7
Pro5
35.9
Ser26
5.2
Pro6
94.6
Asn27
54.9
Ile7
51.7
Arg28
4.1
Val22
33.8
Tyr36
2.2
Ile24
18.5
Ser78
13.3
Ala80
1.3
Hsd79
0.4
Met92
65.6
Glu89
47.0
Ile94
12.2
Asp90
1.9
Val95
23.1
Glu93
0.5
Thr97
1.8

703.8

296.5

693.2

Table 2 - 4. Surface area buried by the A-strand in the closed monomers.
For this calculation, the A-strand here is defined as residues 1 to 6; area per residue given in Å²,
with the totals at the bottom.

Although packing alone can account for the difference in dimerization affinity and
structure between N- and E-cadherin, it cannot explain the perplexing finding that mutant
proteins where Ile92 in N-cadherin has been replaced by a Met residue actually bind more
strongly than wild type. In addition to the examples shown in Table 2-2, there are a number of
other cases where mutants that significantly weaken E-cadherin binding actually strengthen Ncadherin binding or leave it essentially unchanged (Table 2-5). These include the AA insertion
double mutant (where two alanines are inserted between residues 2 and 3), the W2F mutation
which, in E-cadherin, decreases binding affinity by decreasing strain on the swapping A*-strand
in the monomer (Vendome, Posy et al. 2011) and the E89A mutation which weakens E-cadherin
dimerization by preventing the formation of

a salt bridge between the N-terminus and

Glu89(Harrison, Bahna et al. 2010), thereby destabilizing strand swapping. Despite these well-
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characterized effects in E-cadherin, in N-cadherin all of these mutations result in stronger
binding affinities (with KDs ranging from 3.0 to 3.5 µM; see Table 2-5). Moreover, the familiar
W2A mutation which dramatically weakens binding in E-cadherin yields a dimeric species with
an affinity close to that of wild type in N-cadherin.

We have successfully crystallized the N-cadherin W2F mutant, which is similar to wildtype N-cadherin in that it has a strong binding affinity, but exhibits the swapping interface in the
crystal structure (Figure 2-6A, data collection in Table 2-6 at the end of the chapter). Despite the
mutation of the Trp2 residue, the dimer is in the swapped conformation, with the A-strand and
Phe2 residues exchanged between monomers.

Since many of these mutants, such as W2A, are known to form X-dimers in E-cadherin,
we suspected the possibility that the X-dimer has a much stronger affinity in N- than in Ecadherin and might be playing a role in the energetics of formation of dimers that we had, until
now, solely attributed to the properties of the strand-swapped interface.
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Figure 2- 6.Structure of N-cadherin W2F and AA-insertion mutants.
(A) Structure of EC1-2 dimer of N-cadherin W2F mutant. Protomers are shown in orange and
blue, calcium ions in green. A closeup of the swapped interface, with the exchanged Phe2 side
chains, is shown. (B) Structure of EC1-2 dimer of N-cadherin AA-insertion mutant. The two
protomers are shown in green and cyan, with the exchanged Trp2 side chain shown. Calcium
ions are shown as green spheres. (C) Superposition of the N-cadherin AA-insertion mutant
(green) and known E-cadherin X-dimer mutants (blue): E-cadherin W2A (3LNH), E89A (3LNI),
MR N-terminal extension (1EDH), and AA N-terminal extension (3LNG).

X-dimer binding affinities of type I cadherins: The N- cadherin X-dimer is unexpectedly
strong
Strand swapping-incompetent W2A mutants were produced for C-, P-, N- and Rcadherins, and their homodimerization KDs were measured by AUC (Table 2-1). As was found
for E-cadherin, the binding affinities of C- and P-cadherin W2A mutants are much lower than
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those of the respective wild-type swapped dimers: for C- and P-cadherin, binding is weaker than
the detection limit of AUC of about 1000 µM. In contrast the W2A mutant of both N- and Rcadherin dimerize with affinities close to that of wild type. To confirm that an X-dimer is formed
in the W2A N-cadherin mutant, we first found that the N-cadherin W2A R14E double mutant,
which cannot form either a swapped- or X-dimer, is monomeric (Table 2-1).

With one exception, the AA insertion at positions 2 and 3, we were not successful in
crystallizing N-cadherin X-dimer-forming mutants. The AA insertion structure reveals that it
forms both a strand-swapped and X-dimer interface simultaneously, likely made possible by its
extended A-strand (Figure 2-6B,C). Notably, the X-dimer interface in this mutant buries ~200 Å2
more hydrophobic surface than the E-cadherin X-dimer (Figure 2-7). This appears mainly due to
four hydrophobic residues conserved in N-like cadherin, but not in E-cadherin: Ile 99, Met 101,
Met 144 and Tyr 201 (Figure 2-2B). As is the case for the strand-swapped interfaces, the greater
binding affinities of N-cadherin X-dimers may thus be due to a larger hydrophobic buried
surface area.
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Figure 2- 7.Analysis of buried surface area of X-dimers.
The buried surface area in each structure is divided into the contribution of hydrophobic and
polar surfaces. The residues omitted in the calculation are given at the bottom in red. In the case
the N-cadherin AA-insertion mutant, the second column omits the contribution of the added AA
residues, for comparison to the other structures.

The unexpectedly strong X-dimer of N-cadherin raised the possibility that its presence
could preclude detection of a weaker swapped dimer in mutant N-cadherins. To determine the
affinity of the swapped interface alone, we used AUC to measure the KDs of K14E or R14E
mutants of N-cadherin, as well as of C-, P- and R-cadherins. As for E-cadherin, the inhibition of
X-dimerization does not significantly change the binding affinity of N-, R-, C- and P-cadherins
(Table 2-1) indicating that for both N- and E-like cadherins, the X-dimer incompetent swappeddimer binds with an affinity similar to that of the wild type.
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We have used SPR to determine heterophilic binding affinities of X-dimers and find
results consistent with those found for homophilic binding (Figure 2-8): W2A E-cadherin forms
very weak heterodimers with wild type E-cadherin while W2A N-cadherin forms heterodimers
with wild type N-cadherin of comparable affinity to that of the W2A homodimer. Notably, in
contrast to the wild type proteins, E-cadherin W2A does not form stable heterodimers with Ncadherin W2A.

Figure 2- 8.SPR analysis of W2A strand-swap mutant and R14E X-dimer mutants of N-cadherin.
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For each panel, the immobilized proteins are indicated in italics at the top and the injected
analytes are shown underlined at the left-hand side. Proteins were immobilized at concentrations
corresponding to 100 µM monomer and analyte binding was tested at concentrations
corresponding to 12, 9, 6 and 3 µM monomer. (A) N-cadherin W2A and E-cadherin W2A
strand-swap mutants were tested for binding over surfaces immobilized with N-cadherin W2A,
E-cadherin W2A and N-cadherin wild type proteins. The binding of the wild type N- and Ecadherins was included as a control. (B) Binding of N-cadherin wild type and its R14E X-dimer
mutant, to surfaces immobilized with N-cadherin wild-type and N-cadherin R14E.

The presence of an X-dimer in N-cadherin with a comparable binding affinity to that of
the strand-swapped dimer explains much of the mutant data in the sense that both interfaces have
to be disrupted before a significant reduction in binding affinity can be observed. This suggested
the possibility that the interplay of the two interfaces might also help explain the enhanced
binding affinities of the N-cadherin mutants with KDs in the 3-4 µM range. Specifically, we
hypothesized that both species can exist in equilibrium in solution. To test this hypothesis, we
turned to EPR spectroscopy.

EPR distance measurements show exchange of swapped and X dimers in N-cadherin mutants
We carried out EPR experiments using a nitroxide spin label covalently attached to a
cysteine on the surface of otherwise wild type and mutant proteins at position 135 (an A135C
mutation). The cysteine was subsequently reacted with the thiol-specific nitroxide reagent MTSL
to form a paramagnetic side chain (Altenbach, Kusnetzow et al. 2008). Since cysteines are absent
in native N-cadherin EC1-2, a monomer would be singly labeled, and would not be subject to
short-range spin-spin interactions. However, a dimer will become doubly labeled and show
measurable spin-spin, or dipole-dipole, interactions. Using double electron-electron resonance
(DEER) spectroscopy, a pulsed EPR method, we monitored the dipole interactions and mapped
the distribution of inter-spin distances, from which we deduced the dimer conformation for each

35

construct. Position 135 was chosen since the inter-spin distances predicted based on x-ray
structures, ~58 Å in the swapped dimer and ~37 Å in the X-dimer, are sufficiently different to be
used as markers for the presence of one conformer or the other (Figure 2-9A; all raw traces are
given in Figure 2-10). Thus, DEER spectra can be used to simultaneously monitor the presence
of both structures. Actual interspin distances can deviate from the predicted values if the
paramagnetic side chain adopts different rotameric conformations, or if motions of the protein
backbone, particularly inter-domain motion, result in solution conformations that are different
than in the crystal. (Position 135 is far enough from the sites of the tested mutations that we do
not expect the conformation of the paramagnetic side chain to be affected by the identity of the
mutant.)

The dipolar evolution functions and interspin distance distributions for wild-type Ncadherin EC1-2 and mutants are shown in Figure 2-9, B-H. The wild-type protein shows a broad
inter-spin distance distribution between 50 and 70Å (Figure 2-9B), which is almost
indistinguishable from that of the X-dimer-incompetent R14E mutant (Figure 2-9C). This
distance distribution, with the most probable distance at ~60Å, suggests that both the wild-type
and the R14E mutant primarily adopt a swapped dimer conformation but that there is a
considerable structural heterogeneity associated with this conformation. This is likely due to the
presence of a range of inter-domain angles (Figure 2-5D). Indeed the predicted inter-spin
distance in the crystal structure of E-cadherin swapped dimer is 64 Å, consistent with its larger
inter-domain angle. It appears likely that there is a broad distribution of inter-domain angles in
solution accounting for the shape of the DEER spectrum between 50 and 70 Å. Importantly, the
lack of interspin distances around 37 Å indicates the absence of X-dimers in wild type N-
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cadherin. In contrast, the W2A mutant (Figure 2-9D), as well as the AA insertion mutant (Figure
2-9E), exhibit a drastically different inter-spin distance profile. Both mutants show a single
narrow peak centered at 38 Å, consistent with the predicted distance for the X-dimer
conformation.

Figure 2- 9.EPR analysis of N-cadherin dimer conformation.
(A) Site of spin labeling (green spheres) is shown on E-cadherin structures (pink cartoon,
showing the wild-type and W2A mutant) and N-cadherin structures (gray cartoon, showing wildtype and the AA-insertion mutant), with calcium ions as gray spheres. The interspin distance in
the X-dimer (right) is estimated to be 3.7 nm, and in the swapped dimers (left) 6.5 and 5.6 nm
respectively. (B) Distance probability distributions of wild-type E-cadherin. Cys9 has been
mutated to Ser to prevent labeling at this residue.(C-I) Distance probability distribution of wildtype and mutant N-cadherin EC1-2. Wild-type N-cadherin shown in (C), N-cadherin R14E Xdimer mutant in (D); W2A swapping mutant in (E); AA insertion (between residues 2 and 3) in
(F); W2F mutant in (G); E89A mutant in (H); A78S I92M double mutant in (I).
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Figure 2- 10.Background-subtracted dipolar evolutions from EPR analysis of wild-type and
mutant N-cadherin EC1-2.
Wild-type protein shown in (A); R14E X-dimer mutant in (B); W2A swapping mutant in (C);
AA insertion (between residues 2 and 3) in (D); W2F mutant in (E); E89A mutant in (F); A78S
I92M double mutant in (G).

The W2F (Figure 2-9F) and E89A mutants (Figure 2-9G) were designed to impede
strand-swapping and consequently to promote the formation of low-affinity X-dimers in Ecadherin (Harrison, Bahna et al. 2010, Vendome, Posy et al. 2011). However, as described
above, in N-cadherin, the same mutations lead to higher dimerization affinity (Table 2-5).
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Remarkably, the interspin distance distributions for the N-cadherin W2F and E89A mutants
show both the X-dimer distance at 38 Å, as well as the swapped dimer distances beyond 45 Å.
Thus, in these two mutants the X- and swapped dimers appear to be in equilibrium with one
another. Moreover, in parallel to observations for other N-cadherins (Figures 2-9B-E) the Xdimer peak in both the W2F and E89A mutants is narrow while the longer distance swappeddimer peaks are quite broad. Another very tight binder, the N-cadherin tryptophan pocket
mutant A78S I92M, yields a broad distance distribution between 45 and 80 Å (Figure 2-9H)
although It does not show a peak at the X-dimer distance (~38 Å). However all three tight
binders show inter-spin distances below 50 Å whereas, in contrast, in wild-type N-cadherin and
the R14E mutant inter-spin distances are all above 50 Å. We hypothesize that the ability of these
mutants to simultaneously access multiple dimer conformations is the underlying reason for their
higher dimerization affinities.

The W2F (Figure 2-9F) and E89A mutants (Figure 2-9G) were designed to impede
strand-swapping and consequently to promote the formation of low-affinity X-dimers in Ecadherin (Harrison, Bahna et al. 2010, Vendome, Posy et al. 2011). However, as described
above, in N-cadherin, the same mutations lead to higher dimerization affinity (Table 2-5).
Remarkably, the interspin distance distributions for the N-cadherin W2F and E89A mutants
show both the X-dimer distance at 38 Å, as well as the swapped dimer distances beyond 45 Å.
Thus, in these two mutants the X- and swapped dimers appear to be in equilibrium with one
another. Moreover, in parallel to observations for other N-cadherins (Figures 2-9B-E) the Xdimer peak in both the W2F and E89A mutants is narrow while the longer distance swappeddimer peaks are quite broad. Another very tight binder, the N-cadherin tryptophan pocket
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mutant A78S I92M, yields a broad distance distribution between 45 and 80 Å (Figure 2-9H)
although it does not show a peak at the X-dimer distance (~38 Å). However all three tight
binders show inter-spin distances below 50 Å whereas, in contrast, in wild-type N-cadherin and
the R14E mutant inter-spin distances are all above 50 Å. We hypothesize that the ability of these
mutants to simultaneously access multiple dimer conformations is the underlying reason for their
higher dimerization affinities.

E-cadherin KD (µM)

N-cadherin KD (µM)

Notes on mutations

Wild-type

96.5 ± 10.6 1

25.8 ± 1.5 1

-

W2A

916 ± 47 2

26.9 ± 3.1

Mutates swapped Trp2

AA-extension

811 ± 97 2

47.2 ± 2.1

Decreases A-strand strain

DW-deletion

662 ± 28.5 2

42.5 ± 2.0

Prevents Tpr2 exchange

78S, 92M

96.5 ± 10.6 1 [wild-type]

4.0 ± 1.0

Mutates Trp2 binding pocket

E89A

293 ± 112

3.0 ± 0.01

Mutates N-terminal salt bridge

AA-insertion

195 ± 8.6 3

3.4 ± 1.7

Decreases A-strand strain

W2F

246.5 ± 2.1 3

3.1± 1.7

Decreases A-strand strain

W2F R14E

n.a.

381 ± 39

W2F with X-incompetent mutation

1

Katsamba et al, PNAS 2009

2

Harrison et al, NSMB 2010

3

Vendome et al, NSMB 2011

Table 2 - 5. Dissociation constants of swapped or X-interface N-cadherin mutants.
Dissociation constants of corresponding mutants in E-cadherin are indicated when available from
previous studies.

Discussion
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Cell surface adhesion molecules such as cadherins generally appear as members of
families of closely related proteins that carry out similar functions, most notably cell-cell
recognition. The need for cells to adhere to each other in a carefully controlled fashion is met by
adhesion proteins that bind to one another in highly specific ways. Cell-cell recognition is often
homophilic but there are also protein families, such as the nectins, for which heterophilic binding
is generally favored. Cadherins were once thought to function as highly specific homophilic
binding proteins that drive homophilic cell adhesion, but it has now been known for some time
that they bind to one another both homophilically and heterophilcally, with a range of affinities
that can vary over about two orders of magnitude. These affinities are evolutionarily conserved
(Katsamba, Carroll et al. 2009) and, as shown here, can be attributed to small changes in
sequence that might go unnoticed since the relevant amino acid substitutions are often
conservative. Our primary goal in this study has been to elucidate the sequence, structural and
energetic origins of the small differences in cadherin dimerization affinities. In addition to
providing a deeper understanding of this important protein family, our work provides insights
into quite general protein design principles and, in particular, as to how subtle changes in protein
sequence can lead to functionally important changes in binding affinities.

An important component of the current work is that KDs are characterized quantitatively
for an entire protein family for both wild type and mutant proteins for which both
crystallographic and solution-based structural information are reported. This level of detail has
not, to our knowledge, been available previously and it allows us to probe the determinants of
specificity in great detail. Moreover we have, as in past work, designed mutant proteins with
altered binding properties which can now be used in a variety of biophysical and cell-based

41

experiments (see e.g. (Emond, Biswas et al. 2011, Hong, Troyanovsky et al. 2011, Rakshit,
Zhang et al. 2012). On this basis we believe that, in addition to what has been learned about type
I cadherins, the approach described in this work will be broadly applicable to other families of
proteins that achieve specificity through relatively small changes in sequence.

There are generally six type I cadherins per species in vertebrates which can loosely be
divided into E-like, N-like and “other” based on both phylogenetic history and dimerization
affinities. The N-like N- and R-cadherins have both higher homophilic and heterophilic binding
affinities than the E-like E- and C-cadherins, while P cadherin exhibits atypical behavior (Figure
2-4). Notably, despite being in the E-like sequence branch it has an N-like homodimerization
affinitiy; perhaps having a Gly at position 78 allows better packing of the Trp pocket. It is of
interest that human P-cadherin has a 4 µM dimerization affinity which appears to be associated
with the fact that it has only one Pro linking the A and A*-strands (data and analysis not shown).
The functional importance of this high affinity P-cadherin is unknown but it illustrates the how
small sequence changes can be exploited to significant changes in affinity.

The second important difference between N-like and E-like cadherins involves the Xdimer. E-cadherin mutants that ablate strand-swapping are monomeric in solution while the
corresponding N-cadherin mutants dimerize through their X-interface with affinities close to
wild type. For both the strand-swapped and X-dimer interface, the greater affinities of the Nsubtype appear correlated with their greater buried hydrophobic surface area. The X-dimer has
been shown for E-cadherin (as well as the type II cadherin 6) to function as a kinetic
intermediate on the path to the formation of the mature strand-swapped interface. This appears to
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be true for N-cadherins as well since, as was observed for E-cadherin, the X-dimer incompetent
R14E mutant shows wild type affinities in AUC measurements but no noticeable signal in SPR
measurements where dimerization must occur over much shorter time periods (~ 1 minute as
opposed to 1 day). For both proteins, cell aggregation is mediated by the strand-swapped
interface but that the X-dimer is a required kinetic intermediate on cell surfaces. Whether the Xdimer plays additional functional roles in N-cadherin is unclear. The fact that its dimerization
affinity is close to that of wild type is intriguing as is the fact that the two interfaces appear to be
in equilibrium in a number of the N-cadherin mutants. Studies of adherens junction formation in
cell lines transfected with wild type and mutant E-cadherins have pointed to a role for X-dimers
in adherens junction formation and disassembly. Related studies using N-cadherins would be of
considerable interest.

Perhaps the most surprising results of this study are associated with N-cadherin “supermutants” that were intended to weaken dimerization affinities but, instead, strengthened them.
As discussed above, the enhanced dimerization affinity of the wild type swapped- and X-dimers
of N-cadherin, relative to the corresponding affinities for E-cadherin, appears consistent with the
larger hydrophobic interfaces formed by N-cadherin species. In parallel, the N-cadherin AAinsertion super-mutant buries considerably more hydrophobic surface than wild type (about 2050
Å² in the mutant vs. 1200 Å² in the wild-type swapped interface), since it simultaneously forms
both a strand-swapped and X dimerization interface. This is consistent with its 3.4 µM
dimerization affinity, which is almost an order of magnitude greater than that of the N-cadherin
swapped-dimer, or X-dimer on their own. However, in order to explain the enhanced affinities of
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the other high affinity mutant N-cadherin proteins for which crystal structures were not available,
we turned to the DEER spectra of Figure 2-9.

The explanation of the high affinity of the N-cadherin W2F and E89A mutants, ~3 µM,
cannot rely on the simultaneous formation of two interfaces in a single structure as in the AA
insertion mutant, since only the swapped dimer is seen in the crystal structure of W2F, and since
both the X-dimer peak and longer distance swapped-dimer peaks are seen in the DEER spectra
of both mutants. As mentioned above, the DEER spectrum of the tightly binding A78S,I92M
mutant shows distances ranging from below 40 Å to about 80 Å, but no distinct X-dimer peak.
(Note in this regard that although two interfaces are seen in the crystal structure of the AAinsertion mutant, only the X-dimer peak is seen in the DEER spectra, which is completely
consistent with the crystal structure). We suggest that the high affinity of each of the W2F and
AA-insertion mutants is due to entropic stabilization of the dimer due to its ability to occupy
multiple approximately isoenergetic states. In the case of W2F and E89A both the X-dimer and a
set of swapped dimer states can be observed, while in the case of the A78S,I92M mutant there is
a broad distribution of states that yield inter-spin distances that span the range from X-dimer to
swapped dimer distances.

This detailed biophysical study has thus shown different effects combining to provide
finely-tuned binding affinities among the type I classical cadherins. The differences in affinity in
swapped- and X-dimers between E- and N-cadherins seem to be due to differences in buried
hydrophobic area. However, we believe our N-cadherin “super-mutants” owe their high binding
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affinity to another effect, namely, entropic stabilization, provided by the accessibility of different
conformations of similar energies.

Materials and Methods
Phylogenetic tree
Sequences of mouse E-, P-, N-, R- and M-cadherin and Xenopus laevis C-cadherin EC-1
domains (residues 1-101) were aligned using Muscle(Edgar 2004), and the sequence alignment
obtained was used to build the phylogenetic tree using the maximum likelihood method PhyML
(Guindon, Lethiec et al. 2005).

E- and N-cadherin closed monomer structural models
E-cadherin closed monomer structural model was derived from the crystal structure of
mouse E-cadherin EC1-2 closed monomer (PDB 1FF5) (Pertz, Bozic et al. 1999). We corrected
the bias introduced by the presence of an extra N-terminal methionine in the crystal structure,
which prevents the formation of a crucial salt-bridge between the N-terminus and Glu89, and
ensured the re-formation of this salt-bridge. Specifically, the extra N-terminal methionine was
removed and a local minimization carried out with a harmonic constrain with a minimum at 5.0
between the N atom of NH3 terminus and the CG atom of Glu89. We verified that a proper saltbridge was formed in our final model. Charmm was used for the constrained minimization
(Brooks, Brooks et al. 2009).
N-cadherin closed monomer structural model was built from the wild-type crystal
structure 2QVF for all EC1-2 domain residues except the A*/A-strand (residues 11-210), and
from the E-cadherin closed monomer model described above, for the A*/A-strand (residues 1-
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10). The structure was then locally refined using a constrained minimization with Charmm.
Specifically, the minimization consisted of 200 steps with the steepest descent algorithm
followed by 300 steps of conjugate gradient algorithm, while all carbon alphas for residues 11210 were restrained to their position with a force of 20 kcal.mol-1.Å-2.

Analytical ultracentrifugation
Sedimentation equilibrium measurements: AUC equilibrium experiments were performed
at 25°C, using a Beckman XL-A/I ultracentrifuge equipped with a Ti60An rotor. Data was
collected using UV absorbance at 280 nm. Samples were dialyzed in TRIS 10 mM, NaCl 150
mM, pH 8.0 for 16 hours at 4°C and loaded into six-channel equilibrium cells with parallel sides
and sapphire windows. For Cys-containing proteins 1 mM TCEP was added to buffer. 120mL
aliquots of sample diluted to 0.7 (30), 0.46 (20) and 0.24 (10) mg/mL (mM) were loaded,
respectively, into three channels A, B and C of the cell, with three of the channels used for buffer
reference. Samples were spun at 15000 rpm (16350*g) for 20 hours, after which four scans were
collected at a rate of 1 per hour. The rotor speed was then increased to 19000 rpm (26230*g) for
10 hours, after which four additional scans were collected at the same rate. The speed was further
increased to 23000 rpm (38440*g) for another 10 hours and four more scans were recorded
under the same conditions. During the last step, the rotor speed was increased to 27000 rpm
(52970*g) for four more scans, resulting in a total of 16 scans for each concentration and a total
of 48 scans per protein. Each experiment was reproduced at least twice. The data was processed
and analyzed using HeteroAnalysis 1.1.44 software (http://www.biotech.uconn.edu/auf) and
buffer density and protein v-bars were calculated using the SednTerp (Alliance Protein
Laboratories) software. The data for all concentrations and speeds were globally fit using
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nonlinear regression to either a monomer-homodimer equilibrium model or ideal monomer
model.

SPR binding assays
Binding assays were performed using a Biacore T100 biosensor equipped with a Series S
CM4 chip (GE Healthcare). Biotinylated versions of mouse E-, N- and R-cadherins EC12
domains were captured over neutravidin-immobilized surfaces. Mouse P- and N-cadherins EC12,
together with Xenopus C-cadherin EC12 were covalently immobilized via a C-terminal cysteine
using a ligand thiol-coupling protocol. The biotinylated and thiol-coupled N-cadherin surfaces
yielded similar results suggesting that the tethering method does not influence the binding
responses. Each cadherin ligand was tethered to the chip surface at 70.0 mM monomer
concentration, which was calculated using the homophilic binding KDs as listed in Table 2-1.

Neutravidin immobilization and capture of biotinylated cadherin were performed as
described previously (Katsamba, Carroll et al. 2009). Thiol-coupled proteins were immobilized
in HBS pH 7.4 (10 mM HEPES, 150 mM NaCl, pH 7.4), 3 mM CaCl2 at 25ºC using a flow rate
of 20 µL/min. For the immobilization reaction, the carboxyl groups were activated for 2 minutes
using 400 mM EDC (N-ethyl-N_-(3-dimethylaminopropyl)carbodiimide), mixed at 1:1 ratio
(v/v) with 100 mM NHS (N-hydroxysuccinimide). Subsequently, a solution of 120 mM PDEA,
was mixed with 0.1 M sodium borate pH 8.5 at 2:1 ratio (v/v), to yield a final concentration of 80
mM PDEA and injected over the same flow cell for 4 minutes. A sample of the cadherin protein
to be immobilized was freshly desalted in 10 mM sodium acetate, pH 4.0 and sequentially
injected over the activated surface at 10-50 mg/mL, depending on the protein, until the desired
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immobilization level was achieved. Any remaining disulfides were blocked using a four-minute
injection of 50 mM L-cysteine/1.0 M NaCl in 0.1M sodium acetate, pH 4.0.

Cadherin binding experiments were performed at 25ºC in a running buffer of 10 mM
TRIS-HCl, pH 8.0, 150 mM NaCl, 3mM CaCl2, 0.25 mg/mL BSA and 0.005% (v/v) Tween 20.
Soluble cadherin (analytes) were diluted in running buffer to a 12.0 mM monomer concentration,
which were calculated using the homophilic KD values listed in Table 2-1. Samples were injected
for 60s at 50 mL/min followed by a 60-s dissociation phase. An one-minute buffer wash at the
end of the binding cycle minimized sample contamination of the fluidics system of the
instrument. Each cadherin was tested at least twice to verify the reproducibility of the assay and
confirm stability of the immobilized surfaces. The binding responses were double-referenced
(Katsamba, Carroll et al. 2009)and processed using Scrubber 2.0 (BioLogic Software).

EPR analysis
Protein production: The coding sequence of the first two EC domains of mouse Ncadherin (216 residues) was fused to an N-terminal SUMO tag and cloned into the prokaryotic
expression vector pET-28b(+) as previously described (Harrison, Bahna et al. 2010, Vendome,
Posy et al. 2011). Point mutations were introduced by site-directed mutagenesis using
QuikChangeII (Stratagene). The 6xHis-SUMO-cadherin fusion proteins were over-expressed in
BL21Gold(DE3)pLysS competent cells (Agilent). After Ni affinity purification, the fusion
proteins were cleaved with Ubiquitin-like protease 1 (Ulp1) to remove 6xHis-SUMO, yielding
N-cadherin EC1-2 proteins with native termini. The proteins are further purified by ion exchange
and size exclusion chromatography, and stored in 10mM Tris-HCl pH 8.0, 150mM NaCl, and
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3mM CaCl2. For all cysteine mutants, 1mM tris(2-carboxyethyl)phosphine (TCEP) was added to
all buffers to prevent oxidization of the thiol group.

Spin labeling of cysteine mutants: All labeling reactions were carried out in 25mM
MOPS pH6.8, 100mM NaCl, and 3mM CaCl2. In a typically labeling reaction, a 5- to 10-fold
molar

excess

of

S-(2,2,5,5-tetramethyl-2,5-dihydro-1H-pyrrol-3-yl)methyl

methanesulfonothioate (MTSL, Toronto Research Chemicals) was added to the protein (5-25
µM) immediately after buffer exchange. The reaction was allowed to proceed at room
temperature for 1h and then at 4°C overnight. Excess label was then removed by washing and the
protein concentrated in an Amicon concentrator (Millipore) with 10mM Tris-HCl pH 8.0,
150mM NaCl, and 3mM CaCl2. The extent of labeling was assayed with Aldrithiol™-4
(Aldrich) following established protocols(Grassetti and Murray 1967). For samples requiring
deuterated solvents, the labeled protein was washed and concentrated in buffer made with D2O.
The final deuterium content was estimated to be approximately 95%. The predicted interspin
distances

were

calculated

using

the

PRONOX

algorithm’s

webserver

(http://rockscluster.hsc.usc.edu/research/software/pronox/pronox.html) (Hatmal, Li et al. 2012).

DEER Spectroscopy: Experimental procedures for the four-pulse DEER experiments on
the spin-labeled cadherin mutants were published previously (Altenbach, Kusnetzow et al. 2008).
Protein concentrations for DEER experiments varied between 100 and 400 µM depending on the
solubility of the mutants. For each measurement 12- 16 µL sample with 25 % v/v glycerol as
cryoprotectant were loaded into a quartz capillary tube (1.5 ID× 1.8 OD; VitroCom Inc., NJ) and
then flash-frozen in liquid nitrogen. All DEER measurements were performed at 80 K on the
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Bruker ELEXSYS 580 equipped with a Q-band resonator (ER5107DQ), a SuperQFTu-EPR
bridge and a 10 W Q-band amplifier. The (π/2) and π pulses were adjusted to be exactly 16 and
32 ns, respectively. A two-step phase cycling (+x, -x) is carried out on the first (π/2) pulse. Time
domain signal collected for each sample was varied from 3to 5.7 µs depending on the expected
distance(s). Signal acquisition time varied from 6 to 16 hours depending on sample
concentration.
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Table 2 - 6. Data collection and refinement statistics for N-cadherin mutants A78S,I92M ; W2F ;
and AA-insertion between residues 2 and 3.
N-cad A78S I92M

N-cad W2F

N-cad AA insertion

Data Collection
Space group

P21

C2

P21212

Cell dimensions: a,b,c (Å)

59.8, 221.2, 72.2

116.6, 86.2, 46.7

175.5, 65.8,102.5

90, 103.8, 90

90, 98.5, 90

90, 90, 90

Molecules per asymmetric unit

4

1

3

Resolution limit (Å)

20-3.2

20-2.1

20-2.7

Unique reflections

25726

25187

33781

Redundancy (Highest resolution shell)

3.5 (1.9)

3.4 (3.0)

5.3 (3.7)

Completeness % (Highest resolution shell)

94.7 (68.2)

97.7 (85.7)

99.7 (96.9)

Average I/σ (I) (Highest resolution shell)

9.5 (2.1)

34.3 (3.0)

13.6 (2.0)

Rmerge (%) (Highest resolution shell)

12.0 (44.5)

11.2 (46.1)

11.6 (44.4)

Rwork (%)

21.9

21.1

17.2

Rfree (%)

25.3

25.3

22.9

Rmsd bonds (Ǻ)

0.006

0.008

0.009

Rmsd angles (°)

1.07

1.08

1.26

Protein atoms

6668

1659

5042

Ligand/ion atoms

12

3

10

Water molecules

0

159

576

2

68.5

53.5

23.0

2

60.7

48.9

26.4

2

N/A

57.6

23.9

α,β,γ (°)

Refinement

Average B (Ǻ ) protein atoms
Average B (Ǻ ) ligand/ion atoms
Average B (Ǻ ) water molecules
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Chapter III. Crystal structures of Drosophila N-cadherin ectodomain regions
reveal a widely used class of Ca2+-free interdomain linkers
The following chapter has appeared as an article in the Proceedings of the National Academy of
Sciences of the United States of America, vol. 109 no. 3, E127-E134, January 17, 2012.
Xiangshu Jin1, Melissa A. Walker1, Klara Felsovalyi1, Jeremie Vendome 2 , Fabiana Bahna,
Seetha Mannepalli, Filip Cosmanescu, Goran Ahlsen, Barry Honig, and Lawrence Shapiro

Introduction
Cell-cell adhesion is a distinguishing feature of metazoan species essential to the
development and maintenance of solid tissues (Gumbiner 2005). In vertebrates, calciumdependent cell adhesion is mediated primarily by members of the cadherin superfamily (Takeichi
1995). Cadherins are defined as proteins containing “extracellular cadherin” (EC) domains
(Overduin, Harvey et al. 1995, Shapiro, Fannon et al. 1995, Nollet, Kools et al. 2000, Posy,
Shapiro et al. 2008), protein modules of ∼110 amino acids, which adopt a β-sandwich fold with
a Greek key topology similar to that of immunoglobulin (Ig) domains. The best characterized
cadherins are vertebrate classical cadherins, a family of proteins which share similar domain
structures, each consisting of an ectodomain with five tandem EC domains, a single
transmembrane region, and a conserved cytoplasmic tail (Takeichi, Hatta et al. 1988). The
connections between each set of successive EC domains are rigidified by the stereotyped binding
of three Ca2+ ions (Boggon, Murray et al. 2002, Harrison, Jin et al. 2011). Classical cadherins
have been shown to function in intercellular adhesion by binding through their ectodomains,

2

X.J., M.A.W, K.F. and J.V. contributed equally to this work. I performed, in collaboration with Jeremie Vendome,
the computational analyses, made sequence alignments, percent identity tables, and sequence-based analysis of the
superfamily.

52

which are in turn linked to the actin cytoskeleton through associations of the cytoplasmic
domains with catenin adaptor proteins (reviewed in Takeichi 1990 and Nelson 2008).
The cadherin superfamily is also broadly represented in invertebrates. Analysis of the
Drosophila genome has revealed 17 genes that encode proteins containing EC-like domains
(Hill, Broadbent et al. 2001). Three of these molecules, DN-cadherin encoded by CadN, DEcadherin encoded by Shg, and DN-cad2 encoded by CadN2, which appears likely to be a partial
duplication product of the CadN gene, contain catenin binding sites in their cytoplasmic regions,
and have been shown to interact with the Drosophila β-catenin homolog armadillo (Oda, Uemura
et al. 1994, Iwai, Usui et al. 1997, Hill, Broadbent et al. 2001). DN- and DE-cadherins serve cell
adhesion and tissue patterning functions analogous to their vertebrate counterparts (Oda, Uemura
et al. 1994, Iwai, Usui et al. 1997). Also, like vertebrate classical cadherins, overexpression of
DN-cadherin or DE-cadherin in otherwise nonadhesive cells induces Ca2+-dependent cell
aggregation (Oda, Uemura et al. 1994, Yonekura, Ting et al. 2006). Although DN- and DEcadherins perform biological roles roughly orthologous to those assumed by classical cadherins
in vertebrate species, their ectodomains differ markedly from their vertebrate counterparts both
in size and sequence features. Compared to vertebrate counterparts, DN- and DE-cadherins
include a larger number of EC domains, some of which are highly diverged from vertebrate
counterparts, and a membrane-proximal region consisting of EGF-like and laminin G domains.
While the precise number of EC domains in DN-cadherin is not known with certainty because
various prediction methods currently available identify different numbers ranging from 9 to 16, it
is unclear how as many as 16 EC domains per cadherin could be arranged at intercellular
junctions, because intercellular distances in both vertebrate and invertebrate tissues are similar
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(20–30 nm) (Farquhar and Palade 1963, Ho 1990) and can be spanned by only five EC domains
per molecule in vertebrate species.
Here we report crystal structures of DN-cadherin ectodomain regions corresponding to
the predicted N-terminal four EC domains in the mature protein. While the linker regions
between domains 1 and 2 and domains 3 and 4 display binding of three Ca2+ ions similar to that
of vertebrate cadherins, domains 2 and 3 are joined in a “kinked” orientation by a Ca2+-free
linker previously uncharacterized in cadherins. The orientations of domains 2 and 3 defined by
this Ca2+-free interdomain linker are similar in all three crystal structures. The DN-cadherin
fragments containing the predicted N-terminal four EC domains are monomeric both in crystals
and in solution, whereas a larger construct that includes the N-terminal nine EC domains forms
homodimers with a dissociation constant of ∼0.35 µM. These data, taken together, suggest that
in contrast to vertebrate classical and T-cadherins, DN-cadherin and related cadherins function in
intercellular adhesion through binding interfaces that are not localized to their distal N-termini.
Rather, it is more likely that DN-cadherin and related cadherins form a globular structure with
adhesive interfaces involving several EC domains, perhaps thematically similar to the
arrangement of multiple Ig domains required for Dscam binding (Sawaya, Wojtowicz et al.
2008). Finally, based on the unique Ca2+-free interdomain linkage found in the DN-cadherin
crystal structures, we present bioinformatic analyses of the entire cadherin superfamily that
reveal the widespread presence of similar Ca2+-free linkers between successive EC domains in a
large number of cadherins.
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Results
DN-Cadherin EC Domains and N Terminus
Prior to this work, the number of EC domains and domain boundaries for DN-cadherin
have not been known with certainty, as sequence analyses have predicted a composition of 9 to
16 EC domains and different boundaries for each domain (Figure 3-1). Moreover, the precise N
terminus of the mature DN-cadherin has not been determined experimentally.

Figure 3- 1.Results of the EC domain prediction for DN-cadherin using various detection
methods.
We compared four different detection methods, Prosite Signature, Prosite Profile, Pfam, and
SMART, to our manual divisions of EC domains in DN-cadherin. The first three domains,
marked in gray, correspond to the putative prodomain that is cleaved off in the mature form.
Orange domains are those detected by different methods. In the case of EC2’-3’ and EC7’-8’,
highlighted yellow in the structure-based prediction, the domain boundaries predicted by various
methods are given.

55

To determine the precise N terminus of the mature ectodomain as well as the EC domain
boundaries of DN-cadherin, we first used the XPXF/W motif, a marker of the beginning of an
EC domain (Posy, Shapiro et al. 2008), to divide the sequence of the extracellular region of DNcadherin. Using this approach, we identified 19 segments of approximately 110 amino acids that
can be considered as putative EC domains in the extracellular region of DN-cadherin. We next
used PSI-BLAST to search for a set of DN-cadherin related proteins that include ectodomains of
similar length with at least 60% sequence identity and a cytoplasmic region with a consensus βcatenin interaction motif. Within this set of DN-cadherin homologs, the first three EC domains
have on average 35% sequence identity between corresponding EC domains, whereas for the
following EC domains, the pair wise identity between corresponding domains is about 60% or
higher (Figure 3-2). Furin-like protease prediction algorithms implemented in Predict Protein
(Rost, Yachdav et al. 2004) and Signal Pro P (Duckert, Brunak et al. 2004) place a prodomain
cleavage site just C-terminal to the third putative EC domain in all of these related molecules.
The observed pattern that the sequence identity is low (< 35%) N-terminal, and high (> 60%) Cterminal, to this predicted site is consistent with the patterns of sequence conservation found for
vertebrate cadherins, and gives confidence that this site demarcates the connection between the
prodomain and mature ectodomain in DN-cadherin. We thus designated DN-cadherin EC
domains following the furin site EC1’ to EC16’, with the N-terminal boundary of EC1’
corresponding to the putative furin recognition site at position 434. The EC domains identified in
the region preceding the cleavage site were assigned negative number identifiers (EC-3’, EC-2’,
and EC-1’) to indicate their likely absence from the mature protein. The hypothesis that DNcadherin proprotein is cleaved by a subtilisin-like convertase is supported by the work of Iwai
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and colleagues, which identified two distinct DN-cadherin species in the lysates of embryos and
S2 cells transfected with a DN-cadherin encoding cDNA construct (Iwai, Usui et al. 1997). The
approximate molecular mass of the dominant species is 300 kD, consistent with the calculated
mass of DN-cadherin regions C-terminal to the predicted furin cleavage site, while the second
species is approximately 330 kD, consistent with the molecular mass of the uncleaved form
(Iwai, Usui et al. 1997).

Figure 3 - 2.Matrix of pairwise sequence identity between domains of DN-cadherin and related
cadherins.
The all-against-all pairwise sequence identity of individual EC domains of DN-cadherin and the
homologous proteins from Artemia franciscana, Caridina japonica, Ligia exotica, and
Achaearanea tepidariorum are given. On each axis, ECs are ordered by domain number, then
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species. The inset gives the order of species within each block. Percent sequence identity is
indicated by the color scale.

Structures of DN-Cadherin Ectodomain Regions Reveal a Unique Architecture
To gain insight into the structural basis for DN-cadherin adhesive functions, we sought to
obtain structures of DN-cadherin ectodomain regions. We initially focused on ectodomain
fragments containing the four predicted N-terminal EC domains in the mature protein, partly
because prior structural and functional studies on vertebrate classical- and T-cadherins showed
that cell adhesion is mediated through the N-terminal EC domains (Shan, Tanaka et al. 2000,
Boggon, Murray et al. 2002, Troyanovsky, Sokolov et al. 2003, Ciatto, Bahna et al. 2010,
Harrison, Jin et al. 2011). We determined crystal structures of two DN-cadherin ectodomain
fragments: one comprising domains EC1’-EC3’ in two crystal forms (I and II), both to 2.5 Å
resolution, and the other comprising domains EC1’-EC4’ to 2.7 Å resolution. The structure of
DN-cadherin EC1’-EC3’ in crystal form I was solved by the single-wavelength anomalous
diffraction method using anomalous signal from zinc (Figure 3-3A), and was used as the search
model to determine the remaining two structures by molecular replacement. Data and refinement
statistics are listed in Table 3-1.
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Figure 3- 3.The structure of DN-cadherin EC1’-EC3’in crystal form I.
(A) An anomalous difference map is shown contoured at 6.5σ, revealing positions of wellordered zinc sites that were used to calculate experimental phases. Note that while most of these
ions are bound on the protein surface, three ions are found in the EC1’-EC2’ interdomain region
disrupting the Ca2+-coordination patterns. Side chains or backbone atoms of residues involved in
zinc coordination are shown as sticks, zinc ions are shown as dark blue spheres and a calcium
ions is shown as a green sphere. Dashed linesindicate coordinations interactions. (B) The two
structures of DN-cadherin EC1’-EC3’ constructs are superposed over the EC2’ domain, with the
crystal form I in yellow and crystal form II in salmon. Note that in the structure of crystal form I,
the EC1’ domain is rotated along the long axis of the EC2’domain ~180° rotation due to
rearrangements in the interdomain linker region upon zinc coordination.
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Table 3 - 1.Data collection and refinement statistics.
One crystal was used per dataset.
*Values in parentheses are for the highest resolution shell.
Rfree = Rwork calculated using 5% of the reflection data chosen randomly and omitted from the
start of refinement.

The overall architecture of DN-cadherin EC1’-EC4’ fragment does not resemble any of
the previously determined structures of vertebrate cadherin ectodomains, which adopt an
elongated curved structure (Boggon, Murray et al. 2002, Harrison, Jin et al. 2011) (Figure 3-4).
Instead, DN-cadherin EC1’-EC4’ fragment adopts a V-shaped structure imparted by a prominent
“kink” between domains EC2’ and EC3’ with a ∼80° angle between the long axes of these two
domains. In all three structures, each EC domain presents a seven-stranded β-sandwich fold with
a Greek key topology seen in other structures of cadherin ectodomain fragments published to
date (Figure 3-4A). The linker regions between the EC1’ and EC2’ domains, and that between
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the EC3’ and EC4’ domain pairs contain three calcium ions bound in a way similar to that seen
in classical cadherins (Figure 3-4 A and B): Specifically, the three calcium ions are coordinated
by a DXNDX (Asp-X-Asn-Asp-X) linker between the two successive EC domains, a DR/YE
motif and a single glutamate (E) residue contributed from the prelinker domain, a DXD (Asp-XAsp) motif and a single aspartate (D) residue contributed from the postlinker domain. The EC1’EC2’ interdomain linkage in the EC1’-EC3’ structure determined in crystal form I is an
exception in that the conserved calcium coordination patterns were disrupted by zinc ions present
at an excessive concentration in the crystallization solution (Figure 3-4A). As a result, the EC1’EC2’ interdomain loop is rearranged such that EC1’ is rotated almost 180° along the long axis of
EC2’ relative to the other two structures (Figure 3-4B).
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Figure 3- 4.Structure of DN-cadherin EC1’-EC4’ ectodomain fragment.
(A) The DN-cadherin EC1’-EC4’ ectodomain region adopts a V-shaped structure, in clear
contrast to the overall elongated curved structure of mouse N-cadherins shown in (B). Calcium
binding in the DN-cadherin EC1’-2’ and EC3’-4’ interdomain linker regions is very similar to
that of classical cadherins as shown in the close-up views of the EC1’-2’ interdomain linker
region in DN-cadherin and the EC1-2 interdomain linker region in mouse N-cadherin. Side
chains or backbone atoms of residues involved in calcium coordination are shown as sticks,
calcium ions are shown as green spheres. Dashed lines indicate coordinating interactions.

Notably, domains EC2’ and EC3’ are connected by a short Gly-Gly loop instead of a
linker with bound Ca2+ ions, which joins most other successive EC domain pairs characterized to
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date. The EC2’-EC3’ interdomain interface facilitated by this unique Ca2+-free linker is very
similar in all three structures (Figure 3-5A), despite their presentation in distinct crystal lattices
and large variations in crystallization conditions. Indeed, the kink between domains EC2’ and
EC3’ is so rigid that the EC2’-EC3’ fragments from all four distinct chains (one in EC1’-EC3’
crystal form I, two in EC1’-EC3’ crystal form II, and one in EC1’-EC4’) can be superposed with
pair wise root mean square deviation (rmsd) values of 1.1 Å or less for all 210 Cα atoms. This
interdomain interface buries a surface area of 994 Å2, and is formed mainly by the A-strand, the
Pro109-Leu110-Pro111 bulge immediately N-terminal to the A-strand, a portion of the G-strand
from the EC2’ domain, and the loop region preceding the A-strand from the EC3’ domain
(Figure 3-5B). Interactions at this interface are mostly van der Waals contacts and nonsequence
specific hydrogen bonds with main chain carbonyl oxygens, except for one salt bridge interaction
between Arg209 from EC3’ and Ser 203 from EC2’ (Figure 3-5B). Although the DN-cadherin
EC2’-EC3’ interdomain interface, which is similar in all three crystal structures reported here,
may represent a stable interface, we cannot exclude the possibility that the linker region could be
flexible and the two domains may adopt different orientations under other conditions.
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Figure 3- 5.EC2’-3’ interface facilitated by a Ca2+-free interdomain linker.
(A) Superposition of all three crystal structures: EC1’-EC3’ construct in crystal form I shown in
yellow, EC1’-EC3’ construct in crystal form II shown in salmon, and EC1’-EC4’ construct
shown in orange. (B) Stereoview of the EC2’-EC3’ interface observed in all three crystal
structures. For clarity, the EC2’ domain is colored orange, and EC3’ domain is colored yellow.

64

DN-Cadherin Ectodomain Requires Multiple EC Domains for Adhesive Dimerization.
No distinct dimer interfaces were observed between molecules related by either
crystallographic or noncrystallographic symmetry in the three crystal structures we report here.
Consistent with the absence of sequence features required for strand-swap dimerization in
vertebrate classical cadherins (Posy, Shapiro et al. 2008, Vendome, Posy et al. 2011), the DNcadherin EC1’ domain does not engage in strand-swap dimerization with its N-terminal strand
entirely integrated into the main body of its own protomer. In agreement with the
crystallographic observations, our sedimentation equilibrium analytical ultracentrifugation
(AUC) results show that both EC1’-EC3’ and EC1’-EC4’ fragments are monomers in solution,
either in the presence or absence of calcium (Table 3-2).

Table 3 - 2. Binding analysis of DN-cadherin ectodomain constructs by equilibrium AUC.

To determine the ectodomain regions responsible for adhesive functions of DN-cadherin,
we produced a series of domain deletion constructs and carried out binding analysis using
sedimentation equilibrium AUC. Our AUC measurements show that an ectodomain construct
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comprising the predicted EC1’-EC10’ domains forms a tight dimer in the presence of Ca2+ with
low micromolar dimerization affinity (Table 3-2). A shorter construct containing EC1’-EC9’
domains also forms a tight dimer. However, deleting the EC9’ domain leads to a monomer
(Table 3-2), in agreement with results from cell aggregation studies reported by Yonekura, et al.,
which demonstrated that the highly related DN-cad2, which aligns with the C-terminal region of
DN-cadherin, but contains nine fewer EC domains at the N terminus, cannot induce cell
aggregation in vitro (Yonekura, Xu et al. 2007). On the other hand, a DN-cadherin construct
containing EC2’-EC9’ domains appears to form soluble aggregates in AUC experiments.
Taken together, these results suggest that DN-cadherin requires EC1’-EC9’ domains for
adhesive dimerization, in clear contrast to vertebrate classical cadherins, which trans-dimerize
through an interface entirely confined to the EC1 domain, or T-cadherin, which uses both EC1
and EC2 domains for adhesive dimerization. Consistently, the sequence determinants of the
strand-swapped interface of vertebrate classical cadherins and the X-interface of vertebrate Tcadherin are absent in the DN-cadherin EC1’ and EC2’ domains.

Sequence Analysis Reveals the Widespread Presence of Ca2+-Free Linkers in the Cadherin
Superfamily
It is apparent from the sequence alignment of all DN-cadherin EC domains (Figure 3-6)
that the Ca2+-free linker between EC2’ and EC3’ is correlated with the absence of most of the
calcium-binding motifs. Specifically, the interdomain DXNDX motif, the E and DR/YE motifs
in EC2’, and the DXD motif in EC3’ are all missing. Notably, the same combination of Ca2+binding motifs is missing in all of the DN-cadherin homologs identified in other arthropods
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(Oda, Tagawa et al. 2005) (Figure 3-7), suggesting the functional importance of these missing
motifs.

Figure 3- 6.Structure based sequence alignment of type I and type II classical cadherin domains
with DN-cadherin domains.
Secondary structure elements are indicated above the alignment. Red boxes above the alignment
denote the five canonical Ca2+-binding motifs or residues, and the red arrow on top of each box
indicates which of the two interdomain Ca2+-binding sites the motif belongs to. Conserved Ca2+binding residues are highlighted in red; D/E to N substitutions are highlighted in yellow; the
black boxes indicate the missing Ca2+-binding elements. The highly conserved XPXF/W motif
that marks the beginning of each EC domain is highlighted in blue. Conserved hydrophobic
residues that constitute the core of the EC domains are represented in blue.

67

Figure 3- 7.Alignment of the EC domain regions of DN-cadherin and homologous proteins
from Artemia franciscana, Caridina japonica, Ligia exotica, and Achaearanea tepidariorum.
The proteins were aligned with Muscle and then divided into EC domains. The Ca2+-binding
motifs are highlighted in red when present, with arrows indicating which interdomain Ca2+binding site they belong to. Absent Ca2+-binding motifs are highlighted in cyan.
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To determine whether the Ca2+-free linker found in DN-cadherin is common to other
cadherins, we searched the entire cadherin superfamily for similar instances. For each of the
20,310 pairs of consecutive EC domains we determined whether the combination of Ca2+binding motifs corresponding to the interdomain linker is either completely or partially present
or missing (see Table 3-3 for the contribution from the different Ca2+-binding motifs to each
Ca2+-binding site). Among the 20,310 interdomain linkers, we found 2,504 linkers distributed in
936 proteins with different combinations of missing Ca2+-binding residues. The analysis of the
domains directly preceding and following these 2,504 linkers did not reveal any sequence
commonalities other than the missing Ca2+-binding motifs. In particular, the residues that
constitute the EC2’-EC3’ interface of DN-cadherin are not conserved in Ca2+-free linkers of
different cadherins. Furthermore, because no residues with oxygen- or nitrogen-containing side
chains that would normally coordinate metal ions are conserved in position for the Ca2+-free
linkers, it seems unlikely that these linkers bind an ion other than calcium under physiological
conditions.

Table 3 - 3.Coordination of calcium ions by the calcium-binding motifs.
A “+” indicates that the residue us involved in coordinating the particular calcium ion. The
number of additional backbone interactions is given.
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In contrast to the DN-cadherin EC2’-EC3’ linker where almost all of the Ca2+-binding
motifs are absent, we found many instances where only some of the motifs are missing. Among
the 2,504 linkers with missing Ca2+-binding motifs, we found 366 cases where the missing Ca2+binding residues mostly correspond to one Ca2+ site and the remaining residues may be sufficient
to coordinate the two other Ca2+ ions. Whether this sequence based definition of partial Ca2+-free
linkers indeed corresponds to distinct linker structures where only one or two Ca2+ ions are
bound, however, remains to be determined. Of note, in addition to the EC2’-EC3’ Ca2+-free
linker revealed by our crystal structures, DN-cadherin contains a second linker with missing
Ca2+-binding sites between EC7’ and EC8’. Because the missing motifs in this linker mostly
correspond to residues that coordinate one of the three Ca2+ ions (Figure 3-6), we categorized it
as a partial Ca2+-free linker. Importantly, the same combination of missing motifs is also
conserved in the EC7’-EC8’ regions of the related arthropod N-cadherins (Figure 3-7). However,
as observed in the domains flanking Ca2+-free linkers, no other sequence feature, apart from the
missing Ca2+-binding residues, appears to distinguish these domains from regular domains.
DE-cadherin and DN-cad2 are closely related to DN-cadherin, and contain eight and
seven EC domains in the mature proteins, respectively. In fact, the sequence identity between EC
domains of DN-cadherin and those of either DE-cadherin or DN-cad2 and their homologs in
other arthropods suggests that DE-cadherin and DN-cad2 are evolutionarily related to different
parts of the DN-cadherin ectodomain: the first six EC domains of DE-cadherin correspond to the
EC6’-EC11’ fragment in DN-cadherin, and the seven EC domains of DN-cad2 correspond to the
EC10’-EC16’ fragment of DN-cadherin (Figure 3-8). Because the CadN2 gene is likely the
product of a partial gene duplication of the CadN gene (Hill, Broadbent et al. 2001), the
homology between DN-cad2 and DN-cadherin EC10’-EC16’ correlates with that between the
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gene structures. On the other hand, the gene structure of Shotgun is not homologous to that of
CadN, and DE-cadherin may have evolved from a different origin. Our analysis shows that while
DE-cadherin, which dimerizes homophilically (Oda, Uemura et al. 1994), contains a Ca2+-free
linker between EC2 and EC3, DN-cad2, which does not aggregate cells (Yonekura, Xu et al.
2007), has none. Remarkably, the pattern of Ca2+-free linkers in the evolutionarily related
fragments is well conserved: the putative partial Ca2+-free linker between EC7’ and EC8’ of DNcadherin corresponds to the Ca2+-free linker between EC2 and EC3 of DE-cadherin; DN-cad2
preserves all of the Ca2+-binding linkers as does the DN-cadherin EC10’-EC16’ fragment (Figure
3-8).

Figure 3- 8.Relationship between DN-cadherin, DE-cadherin, and DN-cad2.
(A) Matrices of pair wise sequence identity between EC domains of DN-cadherin and DEcadherin (top) and between EC domains of DN-cadherins and DN-cad2 (bottom). The arrows
indicate the presence of Ca2+-free linkers as revealed by the DN-cadherin crystal structure
reported here (in green) or predicted from the sequence (in blue). The homologous sequences
used in the analysis are indicated in the inset. (B) Mapping of correspondence between the three
proteins, with the known regions required for binding functions indicated.
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The mapping of the Ca2+-free and partial Ca2+-free linkers for the major cadherin
subfamilies is presented in Figure 3-9. While we did not find any missing Ca2+-binding sites in
the shorter members of the cadherin superfamily such as type I and type II classical cadherins,
desmocollins, desmogleins, and protocadherins, we found many instances of Ca2+-free and
partial Ca2+-free linkers in nonclassical cadherins containing a large number of EC domains,
including DN- and DE-related cadherins, Fat, Dachsous, and Flamingo/CELSR cadherins.
Furthermore, we observed that within a given subfamily, the distribution and pattern of the linker
types are generally conserved across species. Remarkably, these Ca2+-free linkers are also
present in the majority of the choanoflagellate Monosiga brevicollis (M. brevicollis) cadherins
(Abedin and King 2008) (Table 3-4). Of note, the largest M. brevicollis cadherin, MBCDH18
(Abedin and King 2008) with 58 EC domains, contains as many as 19 Ca2+-free linkers (Figure
3-9). On the whole superfamily scale, the larger the cadherins, the more Ca2+-free and partial
Ca2+-free linkers they contain (Figure 3-10A). Ca2+-free and partial Ca2+-free linkers mostly
appear in cadherins containing more than six EC domains, and we observe three or more of these
new linkers only in cadherins with 15 EC domains or more. As shown in Figure 3-10B for the
whole cadherin superfamily, the majority (93%) of consecutive segments uninterrupted by a
Ca2+-free or a partial Ca2+-free linker contain six EC domains or less.
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Figure 3- 9.A broad search for Ca2+-free and partial Ca2+-free linkers in the major cadherin
subfamilies.
The mapping of Ca2+-free and partial linkers in the major subfamilies is given. The domain
numbering is based on the mature proteins. Red arrows indicate Ca2+-free linkers in the
extracellular domains, and gray arrows indicate partial Ca2+-free linkers. For DN-cadherin, only
the EC domains in the putative mature protein are shown. In Fats 1–3 and Fat-like, the striped
domains labeled ∆EC correspond to the absence of an EC domain that is found in Fat-4 and Fatlike.
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Table 3 - 4. Distribution of Ca2+-free linkers M. brevicollis cadherins.
*ECs include dystroglycan-like cadherin type domains
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Figure 3- 10.Length
Length distribution of ectodomains and ectodomain segments.
(A)) The number of proteins is given by the number of EC domains in the whole ectodomain. The
colors of each bar indicate the number of Ca2+-free
free linkers found in the protein. Segments
containing eight EC domains and more are shown magnified. ((B)) The number of segments that
are connected by full Ca2+-binding
binding sites is given by the number of EC domains in the segment.
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Discussion
Although the molecular mechanisms of vertebrate classical cadherin mediated cell
adhesion have been understood at the atomic level for some time (Shapiro and Weis 2009), little
is known about the structures and adhesion mechanisms of the vast majority of cadherins
including invertebrate cadherins. The structural and biophysical results presented here provide
important understanding of the ectodomain architecture of DN-cadherin and suggests a unique
adhesive mechanism. Our bioinformatic analysis shows that Ca2+-free linkers similar to the one
between domains EC2’ and EC3’ of DN-cadherin revealed by our crystal structures are likely to
be present in a large number of nonclassical cadherins and may play important structural roles in
adhesive functions of these cadherins.
DN-Cadherin Ectodomain Architecture Suggests a Unique Adhesive Mechanism
The structures of DN-cadherin ectodomain fragments we report here reveal a V-shaped
architecture, in clear contrast to the elongated curved structure of vertebrate classical cadherins
(Boggon, Murray et al. 2002, Harrison, Jin et al. 2011). The “V” shape of DN-cadherin EC1’EC4’ is imparted by a kink between domains EC2’ and EC3’ that are connected by a unique
Ca2+-free linker, and is thematically similar to the U-shaped structure of Ig1-Ig4 fragments from
several members of the immunoglobulin cell adhesion molecule (IgCAM) family, including
hemolin, axonin, Dscam, and neurofascin (Su, Gastinel et al. 1998, Freigang, Proba et al. 2000,
Sawaya, Wojtowicz et al. 2008, Liu, Focia et al. 2011). In these IgCAMs, the first four Ig
domains form a U-shaped structure with significant intramolecular contacts between Ig1 and Ig4
domains that bury ∼1,400 Å2 of surface area. By contrast, DN-cadherin forms a V-shaped
structure, as the Ca2+-bound EC1’-EC2’ and EC3’-EC4’ interdomain regions orient domains
EC1’ and EC4’ such that they do not make any intramolecular interdomain contacts. In
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vertebrate classical cadherins and T-cadherin, calcium-binding interdomain linkers are critical
structural elements that determine interdomain orientation and facilitate strand swapping and Xdimer formation (Boggon, Murray et al. 2002, Ciatto, Bahna et al. 2010,Harrison, Jin et al.
2011). The unique Ca2+-free linker seen between the EC2’ and EC3’ domains in all three
structures presented here provides new clues about the ectodomain architecture of DN-cadherin
and other related molecules. The similarity of the EC2’-EC3’ interdomain interface facilitated by
this Ca2+-free linker in all three structures suggests that it may be a stable structural feature
required for the proper tertiary folding and adhesive functions of DN-cadherin.
The results from our AUC measurements suggest that the DN-cadherin EC1'-EC9' region
includes the adhesive interface, in agreement with results from a previous study, which
demonstrated that DN-cad2, a highly related but truncated protein with nine fewer EC domains
at the N terminus, is not required for R7 target selection and cannot induce cell aggregation in
vitro (Yonekura, Xu et al. 2007). The observation that a larger ectodomain region with a greater
number of EC domains is required for DN-cadherin dimerization than is evident for vertebrate
classical cadherins, along with our structural data, suggest that the adhesive mechanism utilized
by DN-cadherin is likely to be completely different from that of vertebrate classical cadherins,
which bridge the intercellular space by an elongated arrangement of EC repeats (Boggon,
Murray et al. 2002, Harrison, Jin et al. 2011). Our structures reveal and AUC measurements
support that the EC1’ domain of DN-cadherin does not engage in strand-swap dimerization,
however, we cannot exclude the possibility that domains EC8’ and EC9’ might use an interface
similar to the X-dimer adhesive interface of vertebrate T-cadherin (Ciatto, Bahna et al. 2010).
Our sequence analysis reveals that the apparently adhesive EC1’-EC9’ fragment of DNcadherin also contains a second putative partial Ca2+-free linker between domains EC7’ and
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EC8’, and may therefore mediate intercellular adhesion through a more globular structure
reminiscent of Dscams. Dscams, which require domains Ig1-Ig7 for homophilic binding, contain
two interdomain “bends”: one between domains Ig2 and Ig3, and the other between domains Ig5
and Ig6 (Sawaya, Wojtowicz et al. 2008). These two bends enable Dscams to adopt an S-shaped
structure, which presents a fixed binding surface comprised of three variable domains, Ig2, Ig3,
and Ig7. This conformation is thought to allow each pair of the three variable domains to match
in an antiparallel fashion to confer homophilic binding specificity to each of the 19,008 possible
Dscam isoforms with different ectodomains. Whether DN-cadherin also uses a similar surface
comprised of multiple EC domains for adhesive interactions remains to be investigated.
Interestingly, the CadN gene contains three mutually exclusive exons (MEs) to produce 12
possible alternatively spliced variants (Yonekura, Ting et al. 2006, Hsu, Yonekura et al. 2009).
Alternative splicing at one of these three MEs generates two isoforms with different amino acid
compositions in a region encompassing the EC7’-EC8’ interdomain linker (Hsu, Yonekura et al.
2009). We note that this variable region corresponds to a region within the EC2’-EC3’ segment
that constitutes the EC2’-EC3’ interface observed in our crystal structures (Figures 3-5 and 3-6).
An intriguing possibility arises that, by analogy to the EC2’-EC3’ interface, the predicted partial
Ca2+-free linker between domains EC7’ and EC8’ generates different EC7’-EC8’ interfaces in
different splice isoforms. Thus, each isoform can adopt distinct ectodomain architecture and
exhibit differential homophilic binding properties. Understanding of the detailed molecular basis
for DN-cadherin homophilic binding, however, must await structural and functional studies of
larger regions of ectodomains in different isoforms.
As described above, our sequence analysis shows that the N-terminal six EC domains of
DE-cadherin, corresponding to its minimal binding fragment in cell aggregation assays (Haruta,
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Warrior et al. 2010), are evolutionarily related to a region that overlaps with the binding
fragment of DN-cadherin and conserves the partial Ca2+-free linker present in that fragment
(Figure 3-8). While it seems unlikely that DN- and DE-cadherins dimerize through the same
mechanism given their different sizes and numbers of Ca2+-free linkers, our study suggests that
Ca2+-free linkers may play an important and similar role in adhesive binding by these cadherins.
Future structural and functional studies will be required to elucidate the detailed molecular
mechanisms for homophilic binding by these cadherins.
Ca2+-Free Linkers may Represent Functionally Important Structural Elements in a Large
Number of Cadherin Ectodomains
To date, cadherin ectodomains have mostly been perceived as extended, rigid structures,
as they appear to be in vertebrate classical cadherins. The present study shows that Ca2+-free
linkers are present in many cadherin families such as Fat, Dachsous, Flamingo, DN- and DEcadherins, and can impart complex ectodomain architectures to these proteins. While it is not
clear whether the Ca2+-free and partial Ca2+-free linkers correspond to stable bends or points of
higher flexibility in all of these cases, they are likely to interrupt the rigid linear arrangements of
cadherin ectodomains and enable them to fold into more globular structures. The specific
combination and placement of these Ca2+-free and partial Ca2+-free linkers, highly conserved
across species, could allow these large cadherins to fold into a specific, more globular shape.
Moreover, because there appears to be no conserved feature other than the absence of Ca2+binding motifs among the domains flanking the Ca2+-free linkers, it is possible that different
Ca2+-free linkers might adopt different conformations suited for the assumed functions of
different cadherins. That the vast majority (more than 90%) of the stretches of consecutive EC
domains connected by full Ca2+-binding linkers contain six or fewer EC domains (Figure 3-10)
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suggests that nonclassical cadherins containing Ca2+-free linkers have a molecular architecture
involving extended structural regions seen in vertebrate classical cadherins that may fold back on
each other in still undetermined ways. Notably, among the few exceptions (less than 1% of the
stretches containing 10 EC domains or more), we found cadherin-23, whose 27 EC domains
remain “uninterrupted” by missing or partial Ca2+-binding sites. In good agreement with our
hypothesis, this cadherin does not function in a regular intercellular space, but instead associates
with protocadherin-15 (11 EC domains) to form the tip link of the inner ear’s stereocilia
(Kazmierczak, Sakaguchi et al. 2007), where a large distance (150 to 200 nm) must be spanned
by extended conformations of both cadherins.
Of note, the choanoflagellate M. brevicollis genome contains 23 cadherin genes (Abedin
and King 2008). Among the 19 M. brevicollis cadherins that contain two or more EC domains,
13 are predicted to contain Ca2+-free linkers (Table 3-4). The widespread presence of Ca2+-free
linkers in a premetazoan species suggests that the earliest function of cadherins, for example,
potentially in binding bacterial prey for recognition or capture, may have required structural
complexities imparted by these Ca2+-free interdomain linkages.
Future studies will be required to characterize the specific structural and functional roles
of Ca2+-free linkers in cadherins, and to link the patterns of different linker types to the specific
functions of individual cadherins.
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Materials and Methods
Expression and Purification of Recombinant DN-Cadherin Proteins
The EC1’-EC3’ construct (residues 439–753) and EC1’-EC4’ construct (residues 434–
851) were subcloned into the pSMT3 vector (Invitrogen) to produce the N-terminal His-tagged
SUMO fusion. Overexpression in E. coli was induced with IPTG. Cells were sonicated in lysis
buffer (20 mM Tris pH 8.0, 150 mM NaCl, 4 mM CaCl2, 100 ng/mL Leupeptin, and 1 mM
PMSF) followed by centrifugation at 25,000 × g for 1.5 h at 4 °C. The resulting supernatant
was then applied to Ni2+-charged agarose resin (Qiagen), and washed extensively with lysis
buffer. Subsequently, ULP1 was applied to the protein-bound resin to a concentration of
0.1 mg/mL. The mixture was then incubated at 4 °C overnight with stirring. DN-cadherin
proteins were then washed off the SUMO-bound resin in small volumes of lysis buffer and then
dialyzed into a low salt (50 mM NaCl) buffer and passed over a MonoQ10/100 column (GE
Healthcare). The flow-through was pooled, concentrated, and applied to a Superdex 75 column
(GE Healthcare).
DN-cadherin EC1’-EC10’, EC1’-EC9’, EC1’-EC8’, and EC2’-EC9’ proteins were
heterologously expressed in N-acetylglucosaminyltransferase I (GnTI)-deficient HEK293 cell
lines as secreted proteins with a PTPα signal sequence and N-terminal hexahistidine tag.
Conditioned media were harvested two days after transient transfection using Polyethylenimine
buffered to pH 8.0 with Tris, and brought to high salt concentration before application to
sepharose resin (GE Healthcare) charged with nickel sulfate. The histidine-tagged protein was
eluted with imidazole in the following buffer: 10 mM Tris pH 8.0, 500 mM NaCl, 4 mM CaCl2.
Digestion with Precission protease (GE Healthcare) was then followed by further purification on
a MonoQ 10/100 global column (GE Healthcare) and Superdex 200 column (GE Healthcare).
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Crystallization, Data Collection, and Structure Determination
Initial factorial-based crystallization screens were conducted using a Mosquito robotic
crystallization system (TTPlabtech) using 0.2 µL drop volumes to screen numerous
commercially prepared crystallization reagents. DN-cadherin EC1’-EC3’ crystallized in two
major forms. The first crystal form was optimized in 4% isopropanol, 0.1M zinc acetate, 0.1M
sodium cacodylate, pH 6.5. These crystals belong to space group P6222 with unit cell dimensions
of a = b = 96.3 Å, c = 148.2 Å, and has one molecule in the asymmetric unit. Crystals in the
second crystal form grew in 34% PEG 3350, 0.1M lithium sulfate, 0.1M Tris, pH 8.5, and are in
space group C2 with unit cell dimensions of a = 106.0 Å, b = 113.8 Å, c = 87.8 Å, β = 123.7° and
two molecules in the asymmetric unit. A single crystal form was obtained for DN-cadherin
EC1’-EC4’ in 9% PEG 3350, 0.05M L-proline, 0.1M Hepes, pH 7.5. These crystals are in space
group P21212 with unit cell dimension of a = 81.5 Å, b = 126.7 Å, c = 62.0 Å and contain one
molecule in the asymmetric unit. All crystals were cryoprotected in mother liquor containing
35% glycerol and flash-frozen in liquid nitrogen for diffraction data collection.
All X-ray diffraction data were collected on single crystals at 100 K at the X4A and X4C
beamlines of the National Synchrotron Light Source, Brookhaven National Laboratory. Data
were processed using the HKL package (Otwinowski and Minor 1997). The structure of a DNcadherin EC1’-EC3’ construct in crystal form I (space group P6222) was determined by singlewavelength anomalous diffraction method. Experimental phases were obtained using zinc sites
located with the program SOLVE (Terwilliger 2003). Initial experimental phases were improved
by solvent flattening using RESOLVE (Terwilliger 2003). The resultant density-modified
experimental map was used to manually build the model using COOT (Emsley, Lohkamp et al.
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2010), and iterative refinement was carried out using CNS (Brunger 2007). The structures of
EC1’-EC3’ in crystal form II (space group C2) and EC1’-EC4’ were solved by molecular
replacement with PHASER (McCoy, Grosse-Kunstleve et al. 2007) using the structure of EC1’EC3’ in crystal form I as the search model. Manual rebuilding was done with COOT (Emsley,
Lohkamp et al. 2010), and refinement was performed using REFMAC (Murshudov, Vagin et al.
1997) implemented in the CCP4 program suite (Bailey 1994) and CNS (Brunger 2007). The
statistics of data collection and refinement are summarized in Table 3-1. All molecular graphics
figures were generated with the program Pymol (DeLano Scientific, LLC). Coordinates will be
deposited in the Protein Data Bank prior to publication.
Analytical Ultracentrifugation
Sedimentation equilibrium measurements were performed using a Beckman XL-A/I
analytical ultracentrifuge (Beckman-Coulter), equipped with 12mm six-cell centerpieces with
sapphire or quartz windows. The proteins were dialyzed in 10 mM Tris, pH 8.0, 150 mM NaCl,
3 mM CaCl2 at 4 °C. All proteins were run at 25 °C for 20 h at 7,000 rpm after which four
scans at one-hour intervals were collected. Speed was then increased to 9,000 rpm for 10 h, then
to 11,000 rpm for 10 h, and lastly to 13,000 rpm for 10 h, with four hourly scans taken after each
period., Each protein was simultaneously run at three different concentrations, 0.70, 0.49, and
0.26 mg/mL for detection using UV 280 nm and interference at 660 nm, and 0.13, 0.092, and
0.049 mg/mL for UV detection at 230 nm. Solvent density and protein v-bar were calculated
using the program SednTerp (Alliance Protein Laboratories). For calculation of KDs and apparent
molecular weights, all data were used in a global fit, using the program HeteroAnalysis version
1.1.44, obtained from University of Connecticut (www.biotech.uconn.edu/auf).
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Sequence Analysis
All cadherin domain hits from the SMART dataset (Letunic, Doerks et al. 2009) were
aligned one by one to a reference alignment of cadherin domains using Muscle (Edgar 2004).
The calcium-binding motifs were found by searching for each motif in the region that aligned to
that motif in the reference alignment. Specifically, we searched for DXD, DXE, and DXNDX at
the appropriate positions as indicated by the reference alignment. Each of the three motifs was
scored as being present, absent, or partial [if only one of the two D/E (Asp/Glu) residues was
there], allowing for D/E substitutions. Consecutive pairs of EC domains were taken to determine
whether each individual motif from the two domains contributing to the interdomain Ca2+binding site were present, absent, or partially present. The linker was indicated as a full calciumbinding linker if all three motifs were fully present, or if two were fully and one partially present.
The linker was marked as a partial calcium-free linker if two motifs were fully present and one
was missing. In all other cases, if only one motif or no motifs were fully present, the linker was
marked a calcium-free linker.
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Chapter IV. A multi-level database to analyze cadherin protein architecture3
Introduction

The previous chapters have focused on the vertebrate classical cadherins and their
invertebrate homologs. The vertebrate classical cadherins were the first members of the family to
be identified, as proteins that mediate calcium-dependent cell-cell adhesion, and link to the actin
cytoskeleton through their cytoplasmic interactions. However, among the members of the
superfamily we have functional information for, there is a great diversity of cellular roles beyond
mechanical adhesion. They mediate cell recognition, movement, establishment and maintenance
of cell and tissue polarity, cell sorting and formation of tissue boundaries, and subtype switching
(reviewed in Halbleib and Nelson 2006). Depending on their role, on the cellular scale they can
mediate either adhesion (as in the case of classical cadherins) or repulsion (as in the case of the
clustered protocadherins, which are involved in dendritic self-avoidance), although on the
molecular scale, both processes involve adhesion. The cytoplasmic region is not conserved
among the superfamily, and this also allows cadherins to mediate a variety of functions through
different cytoplasmic partners and signaling pathways.

Even among the few members of the family whose structure, binding mechanism and
function we know, there are considerable differences in their binding interfaces. As previously
described, type I classical cadherins have several interfaces: the strand-swapped interface, which
is the main adhesive interface where the EC1 domains interact in parallel; the X-interface, which
is the kinetic intermediate involving parallel binding of the EC1-2 domains; and the cis interface,

3

The work described in this chapter was done in collaboration with Jeremie Vendome, with whom I designed the
analyses, database, and user interface. I performed the programming and anaylses for the database and interface.
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an asymmetric interface between EC1 and EC2-3 of partner protomers.The interaction between
cadherin-23 (Cad-23) and protocadherin-15 (Pcdh-15) is structurally very different. These two
cadherins, of 27 and 11 EC domains respectively, interact heterophilically in trans at their Ntermini, forming the tip links of the inner ear’s stereocilia. The EC1-2 domains from both
proteins bind in an antiparallel manner, involving unique structural features of each: the EC1
domains of both Cad-23 and Pcdh-15 have extended N-termini, with bulky “inserts” in the Astrand (Sotomayor, Weihofen et al. 2012). In Cad-23, there is an additional calcium-binding site
where a single ion is bound at the tip of EC1, followed by a 310 helix within the A-strand that fits
with the narrow interdomain linker region of Pcdh-15 EC1-2. Conversely, Pcdh-15 has an intradomain disulfide bond at the tip of the EC1 and an RXGPP motif forming a loop in the A-strand
which similarly fits into the narrow EC1-2 linker of Cad-23 EC1-2.

However, for the majority of the cadherin superfamily we do not know their function, and
for even fewer do we have their structure. Intriguingly, cadherins are even found in unicellular
organisms, such as Monosiga brevicollis(Abedin and King 2008), where it seems that the role of
cell-cell adhesion is excluded. Thus, apart from several well-studied members of the family, we
have very little functional information for most cadherins.

Leveraging the knowledge we have gained from structures of individual EC domains and
the different types of interdomain linkers, we can predict structural characteristics of the
extracellular region that can provide important functional insights. In the case of DN- and DEcadherin, described in Chapter 3, characterization of their extracellular region helped us to
understand how they could be functioning in the same role as vertebrate classical cadherins.
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Analysis of the DN-cadherin structure showed that there is a bend or flexible point that is caused
by the calcium-free linker, which interrupts the linear arrangement of successive EC domains
and could allow a more compact shape. In contrast, the 27-domain extracellular region of Cad-23
has no calcium-free linkers, which implies that all the domains are arranged in an extended,
rigidified shape. These structural features strongly support the intended functional role of Cad-23
in forming the tip-link with Pcdh-15: the two cadherins together must span a distance of 150 to
200 nm.

Information about the extracellular structure of the many cadherins can, in turn, be found
indirectly through sequence analysis. The study of DN-cadherin allowed us to determine the
markers of the calcium-free linkers, namely, the absence of calcium-binding motifs in adjacent
domains, contributing to the same interdomain linker region. As shown in the cases of DNcadherin EC7-8 and DE-cadherin EC2-3, we are able to predict where calcium-free linkers occur
based on sequence. Conserved markers of the beginning and end of the EC domain have also
been identified (Posy, Shapiro et al. 2008). The XPXF motif indicates the N-terminal β-strand of
the domain, while the calcium-binding motif DXNDN usually signals the linker at the end of the
EC domain. These motifs are highly, though not absolutely, conserved. From the conserved
hydrophobic residues within the domain, we are also able to predict the position of the β-strands.
With these features of the domain predicted from the sequence, we can describe both individual
domains and the linker types that connect them. Thus, for the majority of cadherins where the
amino acid sequence is all the information we have, we can predict a great deal about the
extracellular region.
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Previous sequence analyses of the cadherin superfamily were primarily focused on
classifying cadherins rather than providing insight into their structure and therefore function.
One such database is the Cadherin Resource of Truong and Ikura (Truong and Ikura 2002),
whose aim was the protein-level classification of cadherins into their subfamilies. Here, two
techniques were used for classification; first, “HMM signatures” were used, where hidden
Markov models (HMMs) unique to specific cadherins were constructed and used for very
specific classifications, such as distinguishing between different classical cadherins. Secondly,
multidomain analysis was used to distinguish cadherins with dissimilar domain combinations,
such as Fat and Flamingo cadherins. They defined 27 subfamilies, however, these differed
greatly in scope. For example, some classical cadherins, such as N- or E-cadherin were defined
as separate groups, while larger subfamilies, such as the protocadherins (non-clustered) were
given as a single family. To find the proteins, Swiss-Prot was searched, along with available
bacterial, yeast, Drosophila, C. elegans, and human genomes. Within each protein, different
domain types are identified, including several EC types (the five classical cadherin ECs
separately, a non-chordate cadherin repeat, and a desmoglein repeat) and several non-EC domain
types (EGF domain, several laminin domain types, flamingo box, and the non-chordate classical
cadherin domain extracellularly; and cytosolically the classical cytoplasmic domain, the
desmosomal cytoplasmic domain, and the protein kinase domain). Thus the most detail we have
on the cadherin domains is which of the six domain types it matches.

Another cadherin database by Posy et al (Posy, Shapiro et al. 2008) aimed to classify
individual cadherin domains. Here, the individual EC domains of nine major cadherin
subfamilies (type I classical, type II classical, desmocollin, desmoglein, fat, flamingo, and α, β,
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and γ protocadherins) were each taken as a cadherin class, giving a total of 80 EC classes. From
multiple sequence alignments of well-curated Swiss-Prot sequences, an HMM and a
representative sequence was made for each class. UniRef100 was scanned using the SMART
HMM for the EC domain, the domain borders were corrected, and the resulting EC domains
assigned to a domain class if they were above 50% identical in sequence. Of the 9788 EC
sequences compared to the representatives, 3868 could be assigned with these criteria. While this
method results in large assembly of EC domains classified by type, it is limited to domains that
fall into the 80 classes, together representing the 9 subfamilies. More significantly, it does not
provide a connection between the EC domains of a single protein, and so we do not have
information on the whole protein’s architecture.

At the basic level, even sequence searches for EC domains, using profile hidden Markov
models (HMMs) do not give accurate borders for the structural domain (Figure 4-1). HMMs
have been built by SMART (Letunic, Doerks et al. 2012), Pfam (Punta, Coggill et al. 2012), and
Prosite (Sigrist, de Castro et al. 2013), and all three have shifted, or shortened domain borders,
which do not reflect the structural domain. And, by nature, they simply give individual EC
sequences, with no connection between ECs of the same proteins, and no additional domain- or
protein-specific structural information.
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Figure 4 - 1.HMMs for cadherin EC domains.
The length and position of the various HMMs are compared to the structural EC domain. The schematic
of the domain represents the β-strands by the blue arrows. Calcium-binding motifs are in red, with the
arrows indicating which calcium-binding site they belong to. The XPXF motif is shown in green. The
HMMs are indicated by the brown arrows.

In particular, none of these databases have information on the calcium-free linkers, since
their structure has only recently been solved – however, they are of great significance to the
extracellular architecture. Given all we now know about cadherin structure, a resource was
necessary that would provide not only sequence, but also structural features which we are able to
predict. Thus our aim is to exhaustively cover all cadherins of the superfamily, including ones of
unknown function; and describe the position and sequence of domain types and interdomain
linker properties for each protein. Additionally, we aim to identify the structural and functional
elements of the individual EC domains, such as the secondary structure elements and calciumbinding motifs. Importantly, the different levels are linked, allowing connections to be drawn
between structural features and functions at different levels.
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Construction and Content
Protein sequence collection
In order to make a wide, exhaustive search for proteins containing cadherin domains,
sequences were taken from three sources: Uniprot, including Swiss-Prot and TrEMBL(Apweiler,
Bairoch et al. 2004); the Ensembl genomes (all genomes available for vertebrates, metazoa,
protists, fungi, plants and bacteria) (Flicek, Amode et al. 2012); and the nonredundant (NR)
database of BLAST (Pruitt, Tatusova et al. 2009). The cadherin domain profile from SMART
and the hmmsearch program from the HMMER software package (http://hmmer.org/) were used
to search for cadherin domains in all of these protein sequences.

We chose the SMART profile after comparing the profile HMMs from Prosite, Pfam and
SMART. Each profile returns EC domains of different lengths, i.e. the start and end of the
domains differ from that of the structural domain (Figure 4-1). The Prosite profile does, in fact,
cover the entire domain, though with slightly shiftedborders. The Pfam profile omits most of the
A-strand, as well as the linker after the G-strand. The SMART profile is the shortest, omitting
the A- and B-strands; however, in our test case of DN-cadherin it was shown to be the most
successful at detecting the presence of cadherin domains, even if their borders did not correspond
to the structural domains.

If at least one cadherin domain was detected by the SMART profile in a sequence, it was
taken as a cadherin. After all three sources were scanned, we screened for redundancy by
running CD-HIT (Li and Godzik 2006, Fu, Niu et al. 2012)on all cadherins of a given species,
clustering with 96% sequence identity. From each cluster, we kept as the representative sequence
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the annotated Swiss-Prot entry if there was one, or the longest sequence as chosen by CD-HIT.
The description fields of all cluster members were kept along with the representative’s
description. Thus we had a set of cadherin domain-containing proteins, which are nonredundant
within each species.

Domain detection and annotation
Using this set of sequences, the SMART profile was once again run, using parameters
and cutoffs as given with the SMART profile. Then, the boundaries of each domain were
corrected: the boundaries given by the SMART profile were extended and the “query” domain
was aligned to a reference multiple sequence alignment (MSA) of cadherin domains. Several key
motifs marking the domain borders were searched for by comparison to the MSA. This approach
consisted of first finding the positions in the query domain that aligned to the motif in the MSA.
Then, taking a window around the aligned positions (for the XPXF motif 10 residues on each
side; for the DXXDX motif 3 residues on each side), we searched for the specific motif within
this window (Figure 4-2A). In this way, we were able to search for the motif only in the part of
the domain sequence in which we expect it to occur. To find the start of the domain, we searched
for the XPXF motif; andin the N-terminal domains, we also looked for furin cleavage sites (with
the motif RX[KR]R). To find the end of the domain, we searched for the DXNDX motif. If these
were not found, then the ends were assigned by alignment to the reference MSA.
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Figure 4 - 2.Identification of domain borders and calcium-binding motifs.
(A) The EC sequence given by SMART(shown in blue) is extended and aligned to the reference
multiple sequence alignment (gray lines). The position if the XPXF motif is shown in green, the
DXNDN motif in red. The search windows for each motif are indicated by black boxes. (B) The
re-defined EC domain is shown in cyan; the calcium-binding motif positions arehighlighted in
red, and the search windows are again shown in black.

The three major calcium-binding motifs (DXD, DRE and DXNDX) were found in a
similar manner: by alignment to the reference MSA, we searched in windows (of 3 residues on
each side) around the predicted site of these motifs to find and score the presence of these motifs
(Figure 4-2B). We allowed for D/E variations, and then marked each of the motifs as full (both
D/E’s there, given a score of 3), partial (one D/E present, given a score of 1), or missing (given a
score of 0).The secondary structure elements were also predicted by alignment to the reference
MSA, and the position and length of the seven β-strands were recorded. Finally, the positions of
cystine residues (which β-strand or loop it is located on) were recorded based on the secondary
structure element predictions.

After the calcium-binding motifs were identified, we saw cases where a terminal domain,
with no EC predicted either before the domain, or after the domain, still had calcium binding
motifs that would contribute to the binding site at the end, though the other EC of the binding
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site was not predicted (Figure 4-3). This suggested the presence of another EC domain that had
not been originally found by the HMM, that would contribute the rest of the calcium-binding
motifs coming from the partner domain. For this reason, we took the terminal domains where the
calcium-binding motifs contributing to the terminal site were present, and adjacent sequences
were scanned by visual inspection for the complementary calcium-binding motifs. If they were
present as well, then another EC domain was added, and processed again as described previously
to find the domain borders, calcium-binding motifs, etc.

Figure 4 - 3. Search for additional EC domains.
The schematic of the cadherin is shown in the middle, with the terminal domains shown above
and below. The domains identified by the HMM and corrected for its boundaries are shown in
blue, and the complementary EC motifs in the adjacent sequence are given.

Protein annotation
In order to make the protein-level annotations, all EC domains of a single protein were
taken together. The linker types between adjacent cadherin domains were determined by adding
the scores of the motifs (3, 1 or 0) from the two adjacent ECs making up the calcium binding site
at that linker. Scores of 7 or higher were determined to be calcium-binding linkers, scores
between 4 and 6 partial calcium-binding linkers, and scores of 3 or lower calcium-free linkers.

94

With this information, additional annotations were also added to each domain, providing the
environment and context of the EC: what domains and linkers lie adjacent to it.

Additional annotations were made for the proteins: the sequences not included in EC
domains were searched with SMART (Letunic, Doerks et al. 2012) to look for other domain
types. The Phobius server (Kall, Krogh et al. 2007) was used to predict transmembrane helices.
Additionally, basic protein information was recorded: the organism and protein description, and
subfamily category. For the protein description, a list of synonymous cadherin names (Table 4-2
at the end of the chapter) was checked and cross-referenced (such as N-cadherin and Cadherin2). The subfamilies were assigned based on the descriptions that had been deposited with the
protein sequence.

Database organization
The cadherin database is organized into linked levels: the protein, connected to its
component ECs and non-EC regions. The MySQL database includes 9635 proteins and 69354
domains, from 568 different organisms. The data recorded at each level, and the connections
between them, is given in Figure 4-4. A web user interface was built to access the data through
searches, and present the data with entry pages for each of the levels.
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Figure 4 - 4.Schematic of the database structure.
The protein level connects to its component ECs and non-EC regions, and the annotations for
each level are given. The cartoon of the protein shown the annotations mapped onto the protein,
with the ECs colored according to their linker types, the non-EC regions labeled, and the
calcium-free linkers marked by red arrows. At the individual domain level, the ECs keep the
annotations that were derived from the protein level.

The User Interface
The Cadherinscope website (http://cadherindb.c2b2.columbia.edu/) was built to allow
users to search and access information by any of the features described above. The main page
(Figure 4-5) features a summary figure of the information stored in the database, and links to
three search options: searching by protein, EC domain, or non-EC region. The main page also
links to an informationpage which provides details and statistics on the contents of the database.
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Figure 4 - 5. Main page of the web interface, the Cadherinscope.
The three search options are accessible through the buttons, while statistics and other information
on the database is accessible below.

Protein searches
Data are accessed through the three search pages, which in turn lead to the different entry
pages, summarized in Figure 4-6. In each of the searches, there is a list of features to search by,
and the user may specify any combination of these terms. On the right-hand side, the user can
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select which of these features to display in the table of results. Beginning at the protein level, one
can search by protein ID/accession number, subfamily, organism, length of protein, number of
domains, number of calcium-free or partial linkers, number of stretches of consecutive ECs,
number of cystines, and the other, non-cadherin domains in the protein. The search results are
given in a table, where each protein ID links to its protein entry page. There are several
download option for the results: the proteins can be downloaded as a Fasta file of proteins; as a
Fasta file EC domains (each EC of each protein given as a separate entry); or the displayed
output downloaded in tabular format.

98

Figure 4 - 6. Search and entry pages of the user interface.
The three search pages are shown above, connected to their respective entry pages. The
information on the entry pages is linked between the different levels.
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Protein entry pages
The unique ID of each protein is linked to the entry page of the cadherin, where an
overview of the protein and its features is given (Figure 4-6). At the top of each entry page is the
basic information: protein description, the unique ID, location in the protein (if applicable) and
the organism. Next is a cartoon giving a visual summary of the protein, with each component
linked to its own entry page. The “Protein attributes” section gives the number of amino acids,
number of domains and linker types. The “Sequence regions” section lists the EC domains, with
their unique identifier, and non-EC regions in the protein, giving the amino acid position and
length of each. Each item in this list is linked to its own entry page, allowing the user to access
more detailed information. Under the non-EC regions, the other domain types are listed, as well
as the predicted transmembrane helices. The sequence regions can be downloaded in Fasta
format: either all that are listed, or only the cadherin domains. The final section gives the entire
protein sequence (again downloadable in Fasta format). Finally, the “BLAST” button runs the
search on the protein against all other cadherins in the database. The output gives the usual
BLAST statistics (e-value, percent sequence identity) and additionally maps the region of
similarity between the query protein and each resulting hit, in terms of amino acid position and
EC domains (Figure 4-7). This is useful for cases where different regions of the cadherin, located
in different parts of the EC sequence, show similarity to each other.
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Figure 4 - 7. Results of the protein BLAST tool.
The example of DE-cadherin is shown. In addition to the percent identity, score and alignment
length returned for each hit, the position of the alignment in the amino acid sequence is given,
indicating which region of the query protein aligns with which region of the hit. This information
is also given in terms of EC domain, showing regions of similar EC domains.

EC and non-EC entry pages
As mentioned above, each EC domain in the cartoon and in the “Sequence features” is
linked to the domain’s entry page. These entry pages feature the cartoon with the selected EC
domain highlighted. The environment of the EC domain is given, listing what domain or non-EC
region is before and after the selected EC (linked to their own entries), as well as what linker
types are at either end of the domain. The “Sequence features” section gives the domain
sequence with the β-strand predictions (as described above) indicated above it. The presence or
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absence of each major calcium binding motif is also given; and the placement of the cystine
residues, if any, are given by what strand or loop they are predicted to be on. The final
“Structure” section links to the PDB entry, when it exists, and provides a modeling tool: the
selected EC domain can be modeled with the NEST homology modeling program (Petrey, Xiang
et al. 2003). The domain is modeled on the EC domain with the highest sequence identity that
has been crystallized. The resulting PDB file can be downloaded, or immediately visualized with
the modeled structure displayed.Finally, the BLAST tool is also available on the domain level:
here the search is made against all other individual EC domains in the database. The most similar
EC domains can be found, from any protein or position in the EC sequence.

The protein also has links to the entry pages for the non-EC regions, which are the
sections of the sequence that are not part of an EC domain. The entry pages for the non-EC
region give the adjoining sequence features in the “Environment” section. Under the “Predicted
non-EC domains”, the non-EC domain types and predicted transmembrane helices are listed,
giving the amino acid position and length of each. Finally, the amino acid sequence is given,
with an option for downloading.

Additional search options
EC and non-EC domains can also be searched for and accessed directly with the other
search pages. In the case of EC domains, one can search by protein ID/accession number,
organism, length of the domain, the number in the sequence of ECs, the environment of the
domain (what sequence features are adjacent to it, and what linker types are at either end of the
domain), the calcium binding motifs in the domain (whether the three major motifs are present,
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partial, or absent), and finally the presence of cystine residues. For all searches, the user has the
option of specifying the secondary structure element to search for it. There are several download
options here: the Fasta format of one domain per entry, or the option of the domain sequence
separated into the secondary structure elements (strands and loops). As another alternative, one
can download just a single secondary structure element of each domain (e.g. just the predicted Astrands). There is a multiple sequence alignment tool, which will run Muscle (Edgar 2004) to
align all the domains in the result. Finally, as before, one can download all results in a tabular
form.

Among the non-EC regions, searches can be made by protein ID/accession number,
subfamily, organism, length of the region, the environment (what sequence features are adjacent
to it, and what linker types are at either end of the domain), and the domain types found in the
region. Download options are similar to the other searches: Fasta and tabular formats are
available.

Utility
At the basic level, the database collects the essential information of each cadherin and
makes it readily accessible. Underlying all the information is the definition of the EC domain,
with borders that capture the entire structural domain. Thus, the number and position of EC
domains in any cadherin can be retrieved; and any cadherin sequence can be accessed and
downloaded with the sequences already split into EC domains. Analysis of larger groups of ECs
are facilitated, since the “manual” step of determining the EC domains is replaced by
automatically parsing the cadherin sequence. The database also serves as a collection of
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cadherins curated at the protein level: one can access all cadherins identified in a single species,
or find all cadherins with a specific non-EC domain type. With the cross-referencing of
synonymous protein names, we hope to more completely identify cadherin subtypes.

Using the additional features that we have predicted, structural details are made available,
useful for both informatic analysis and experimental work. The positions of secondary structures
and cystine residues can help in experimental work, such as choosing the placement of protein
tags. Prediction of domain structure also allows for searches across ECs for interesting features,
such as loops of unusual lengths or specific motifs in particular regions, which may point to the
function of a domain, such as involvement in an interface. The BLAST function allows one to
find other EC domains that may be similar to a domain of interest, even in a cadherin not known
to be related. At the protein level, one can find the arrangement of linker types, which can
suggest the overall quaternary structure of the protein, perhaps novel arrangements of cadherin
domains. A certain combination of features can be searched across all proteins, allowing
relationships to be found based only on structural information, across cadherin types that may
not be considered related.

Discussion
Summary of the database
The aim of the cadherin database is to provide sequences with structural and functional
annotation for all members of the cadherin superfamily. Our goal is to do this at both the level of
the whole protein, such as capturing the different linker types, and the level of the individual EC
domain, such as determining the correct boundaries; and to make this information readily
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retrievable. The database contains over 9600 proteins which contain about 69,400 ECs. There are
a wide range of organism types, across many phyla, represented in the database (Figure 4-8A).

Figure 4 - 8. Species and subfamily distribution in the database.
(A)The number of each organism type included in the database. (B) The number of proteins per
organism type. (C) The number of proteins in each subfamily classification.

Interestingly, even unicellular eukaryotes and bacteria have proteins in which we have
identified EC domains, which raises the question of what function these proteins could have. In
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terms of number of proteins from the different species, the mammals are the most wellrepresented group (Figure 4-8B). The classification of cadherins into the main subfamilies is
shown in Figure 4-8C. A large fraction of proteins are unclassified since they have no
identification or description available. Among those we assigned to a subfamily, about half are
clustered protocadherins.

The calcium-free linker is an important component of the structural diversity of the
extracellular regions. While it is not known whether the crystallized EC2-3 linker in DNcadherin is a flexible connection between the EC domains, or if it has a fixed, specific angle, in
either case this new linker type allows for more complex shapes with new domain-domain
orientations. Searching across all members of the superfamily, we found that many longer
cadherins have multiple calcium-free linkers in their ectodomain, as described in Chapter 3.
Taking the segments of consecutive EC domains connected by full calcium-binding linkers, we
found that more than 90% of them are 6 ECs or shorter. This seems to indicate that in general,
cadherin ectodomains are made up of shorter, rigid segments connected by calcium-binding
linkers, which are connected by bent or flexible calcium-free linkers. The database records about
3,000 calcium-free linkers (among about 58,000 total). The calcium-free linkers vary in the
combination of calcium-binding residues that they are missing, suggesting that even if such
linkers are not flexible, they could have a different angle and orientation in the different cases. In
addition to calcium-free linkers, we also found around 5,500 partial linkers, where the calciumbinding sites were incomplete, and again they vary in which motifs are present. Table 4-1
summarizes the types and numbers of the linkers.
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calcium-free

3029

partial
absent DXE
absent DXXDX
absent DXD
only DXE present
only DXXDX present
only DXD present

5474
570
172
718
705
533
2776

calcium-binding

49519

total linkers

58022

Table 4 - 1.Distribution of interdomain linker types.
The number of calcium-binding, calcium-free and partial sites are given. The different types of
partial sites are detailed according to the combination of calcium-binding motifs that they
contain.

Databases of other protein families
This type of database can be very useful for other protein families as well, especially for
those with repeating tandem domains such as the filamins or other immunoglobulin repeat
proteins. The particular characteristics that are structurally relevant (such as calcium-binding
residues in cadherins) would be different in another family, but the general structure of the
database could be kept. Importantly, the connection between the component domains and the
whole protein would be the essential feature, since the attributes of the domains determine the
structural attributes on the protein level; and conversely, a full understanding of the domain
comes from its protein context.

In fact, this context-dependent description of the domains allows for structural
description at the whole protein level, and provides the main value of this type of database as
compared to what can be found with databases such as SMART. The domains of a given protein
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can be identified by the HMMs of SMART, Pfam, or Prosite, but they provide no additional
knowledge of the structural context of the domains. In the case of the cadherins, this would be,
for example, the specific linker types that connect the domain to its neighbors. This information
can be obtained by our method, because we not only analyze the sequence within the domain, but
also in the surrounding domains.

Systematic analyses and databases of subfamilies have been made for other protein types,
such as the kinase family (Smith, Shindyalov et al. 1997, Manning, Whyte et al. 2002,Martin,
Anamika et al. 2010). This family is very large: there are ~520 different kinases just in the
human, comprising about 1.7 % of our genome. One such database, the KinBase (Manning,
Whyte et al. 2002), provides both protein-level classifications (into groups and families) and also
records the component domain types of a given kinase, as determined by Pfam profiles. One can,
for example, search by any domain type to retrieve all kinases containing it. However, there is no
structural information beyond the domain level, such as the nature of the connections between
domains. The other kinase databases available are similar in this regard.

There have been studies done on some tandem repeat proteins such as the filamin family,
which have between 4 and 35 Ig repeats; and the regulators of complement activation family,
which contain complement control protein (CCP) modules. In these cases, studies were done on
the domain level, focusing on classifying and comparing the individual units. The linkers
between domains, and the structure at the protein level were not systematically described. The
unique strength of our cadherin database is the link between domain structure and protein
structure.
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Future directions
Usingdetailed structural knowledge of cadherins with known function, we can use
architectural similarity between cadherins to help understand the function for those less studied.
For a given functionally important feature, such as a binding interface, the necessary structural
features in the EC domain can be identified, and those specific features can be searched for in
other EC domains. Our understanding the sequence-structure relationship of the EC domain
allows for very precise searches and identification of such features in both the sequence, and the
predicted structure, of the domains of interest. For example, the prediction of secondary structure
elements allows for searches targeted on specific regions of the domain, such as a search for a
particular motif on one of the β-strands. If a more complex binding interface exists, as in DNcadherin, which we believe involves multiple EC domains, one can search for the same sequence
of domain features and specific linker types across all cadherins. This would allow identification
of candidate proteins which may share the particular binding mechanism. We believe this will be
a useful tool to analyze, compare and discover structure-funtion relationships in cadherins.
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Table 4 - 2.Synonymous cadherin names.
The various names for a given cadherin are listed, along with the gene name where available.
The first column gives the subfamily for those cadherins that are classified.
Subfamily
classical type 1
classical type 1
classical type 1
classical type 1
classical type 1
classical type 1
classical type 2
classical type 2
classical type 2
classical type 2
classical type 2
classical type 2
classical type 2
classical type 2
classical type 2
classical type 2
classical type 2
classical type 2
classical type 2

Gene name
CDH1
CDH2
CDH3
CDH4
CDH15
CDH5
CDH6
CDH7
CDH8
CDH9
CDH10
CDH11
CDH12
CDH14
CDH18
CDH19
CDH20
CDH22
CDH24
CDH13
CDH16
CDH17
CDH23

DN

CadN

Ncad2
DE
Desmosomal
Desmosomal
Desmosomal
Desmosomal
Desmosomal
Desmosomal
Desmosomal
Fat
Fat-like
Fat1
Fat2

CadN2
DSC1
DSC2
DSC3
DSG1
DSG2
DSG3
DSG4
Fat2
Fat1
Fat2

Fat3

Fat3

Fat4
Dachsous
Dachsous1
Dachsous2
Flamingo
Flamingo

Fat4
ds
ds1
ds2
CELSR1
CELSR2

Protein name(s)
E-cadherin, Cadherin-1, Epithelial, Uvomorulin, CD_antigen=CD324
N-cadherin, Cadherin-2
P-cadherin, Cadherin-3, Placental
R-cadherin, Cadherin-4, Retinal
C-cadherin, EP-cadherin
M-cadherin, Cadherin-15, Muscle, Myotubule
VE-cadherin, Cadherin-5, Vascular endothelial
K-cadherin, Cadherin-6, Kidney, Cadh-6b
Cadherin-7
Cadherin-8
T1-cadherin, Cadherin-9
T2-cadherin, Cadherin-10
OB-cadherin, Cadherin-11, Osteoblast
BR-cadherin, Cadherin-12, Brain
Cadherin-14
Cadherin-18
Cadherin-19
MN-cadherin, Cadherin-20, F-cadherin
PB-cadherin, Cadherin-22, Pituitary and Brain
Cadherin-24
T-cadherin, Cadherin-13, Heart, H-cadherin, P105
Ksp-cadherin, Cadherin-16, Kidney
LI-cadherin, Cadherin-17, Liver Intestine
Otocadherin, Cadherin-23, cadherin-23-like, Cadherin-like 23, CDH18, KIAA1774, KIAA1812
CHz-cadherin
DN-cadherin, DN cadherin-like, Cadherin-N, Neural-cadherin, Dmel_CG7100, At-cadherin, Le-cadherin, Cjcadherin, Af2-cadherin
Cadherin-N2, Putative neural-cadherin 2, dN2-cadherin, CG7527, Ncad2, Fc2-cadherin
DE-cadherin, DE cadherin-like, Af1-cadherin, Fc1-cadherin, Gb1-cadherin
Desmocollin-1, Desmosomal glycoprotein 2/3, Cadherin family member 1
Desmocollin-2, desmocollin type 2b, Cadherin family member 2
Desmocollin-3, Desmocollin-4, Cadherin family member 3, HT-CP, DSC4, CDHF3
Desmoglein-1
Desmoglein-2
Desmoglein-3
Desmoglein-4, Desmoglein4, Cadherin family member 13
Fat, Cadherin-related tumor suppressor
Fat-like, Protein kugelei, CG7749, kug, Fat-like cadherin-related tumor suppressor homolog
Fat-1, Protocadherin Fat-1, Cadherin-related tumor suppressor homolog, Cadherin family member 7
Fat-2, Protocadherin Fat 2, Multiple epidermal growth factor-like domains protein 1, Cadherin family
member 8, KIAA0811
Fat-3, Protocadherin Fat 3, FAT tumor suppressor homolog 3, Cadherin family member 15, Gm1132,
Gm510
Fat-4, Protocadherin Fat 4, FatJ, Fat tumor suppressor 4, Cadherin family member 14
Dachsous, Adherin, CG17941
Dachsous-1, cadherin-19, protocadherin-16, cadherin-25, KIAA1773, Fibroblast cadherin-1
Dachsous-2, cadherin-27, protocadherin-23
Flamingo homolog 2, Cadherin EGF LAG seven-pass G-type receptor 1, Cadherin family member 9
Flamingo homolog 3, Cadherin EGF LAG seven-pass G-type receptor 2, Epidermal growth factor-like
protein 2, Multiple EGF-like domains protein 3, Cadherin family member 10
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Flamingo

CELSR3

Flamingo

Fmi
PCDHGA2
CG4509
Clstn1
CLSTN2
CLSTN3
CDHR5
PCDHAC1
PCDHA1
PCDHA10
PCDHA3
PCDHA6
PCDHA9
PCDHB17
PCDHGA10
PCDHGA2
PCDHGA8
PCDHGC3
PCDHGC5
PCDHB7
PCDHA7
PCDH1
PCDH7
PCDH8
PCDH10
PCDH11
PCDH12
PCDH17
PCDH18
PCDH19
PCDH21
PCDH24
hmr-1
rzcA
PCDH20

CDH26
Cad96Ca
Cad74A
Cad87A
Cad86C
Cad88C
Cad99C
Cad89D
Ret

Flamingo homolog 1, Cadherin EGF LAG seven-pass G-type receptor 3, Epidermal growth factor-like
protein 1, Multiple EGF-like domains protein 2, Cadherin family member 11
Flamingo, Starry night, Stan, Protocadherin-like wing polarity protein stan
Cadherin-86C, Cad86C
Calsyntenin-1, Alcadein-alpha, Cadherin-102F, Kiaa0911, zgc:153744
Calsyntenin-2, Alcadein-gamma, CS2, Kiaa4134
Calsyntenin-3, Alcadein-beta, CS3, LOC100036725, MGC84020, KIAA0726
Mu-protocadherin, Mucin and cadherin-like protein, MUCDHL, UNQ2781/PRO7168, MUPCDH, Cadherinrelated family member 5
Protocadherin alpha-1
Protocadherin alpha-10, CNRS8
Protocadherin alpha-3, mKIAA0345, MKIAA0345 protein
Protocadherin alpha-6, CNRS2, CNR2
Protocadherin alpha-7, CNRS4
Protocadherin alpha-9, KIAA0345
Protocadherin alpha-C1, HCG1982192, hCG_1982192
Protocadherin beta-17, Protocadherin beta-16, mKIAA1621, MKIAA1621 protein, PCDHB16
Protocadherin gamma-A1, HCG1982215, hCG_1982215
Protocadherin gamma-A12, Cadherin-21, cad-21, CDH21, Fibroblast cadherin-3, FIB3, UNQ371/PRO707,
KIAA0588
MGC53493 protein
Protocadherin gamma-A2
Protocadherin gamma-A8, KIAA0327, MKIAA0327 protein
Protocadherin gamma-C3, Protocadherin-2, PCDH2, Protocadherin-43
Protocadherin gamma-C5
Axial protocadherin, Protocadherin-1, PCDH42, protocadherin-42, AXPC
NF-protocadherin, Protocadherin-7, Brain-heart protocadherin, BHPCDH, NFPC
Protocadherin-8, Arcadlin, MGC84237 , Paraxial protocadherin, Activity-regulated cadherin-like protein,
PAPC
OL-protocadherin, Protocadherin-10, KIAA1400, MKIAA1400 protein
protocadherin-11, PCDH11X, PCDH11Y, protocadherin-X, protocadherin-Y, protocadherin-PC
VE-cadherin-2, Protocadherin-12, Vascular cadherin-2, UNQ395/PRO731, Vascular endothelial cadherin-2
Protocadherin-17, protocadherin-68
Protocadherin-18, protocadherin-68-like, KIAA1562
Protocadherin-19, KIAA1313
MT-protocadherin, Protocadherin-21, Photoreceptor cadherin, Cadherin-related family member 1
Protocadherin LKC, Protocadherin-24, CDHR2, Cadherin-related family member 2, PCLKC, PC-LKC
Cadherin-related hmr-1, Protein Hammerhead, W02B9.1
Rhizobiocin, RTX toxin, AGR_L_909, Atu4412
Protocadherin-20, PCDH13, Protocadherin-13
Cadherin-like protein 28, Cadherin-related family member 3, FLJ23834
Cadherin-like protein 29, Cadherin-related family member 4
Cadherin-like protein 26, Cadherin-like protein VR20
Cadherin-96Ca, Tyrosine kinase receptor Cad96Ca, Tyrosine kinase receptor HD-14, CG10244, HD-14
Cadherin-74A, Dmel_CG6445, RE10062p
Cadherin-87A, CG6977
Cadherin-86C, CG4655, LP07955p
Cadherin-88C, Dmel_CG3389
Cadherin-99C, Dmel_CG31009
Cadherin-89D, CG14900
Ret oncogene, Dmel_CG14396
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Chapter V. Conclusions and Future Directions
Biophysics and structure of binding

The work has explored the cadherin superfamily at different scales, from in-depth,
detailed biophysical studies of individual cadherins to exhaustive family-wide sequence
analyses. The type I classical cadherin study focused on a small, specific group of proteins and
provided a very thorough study of their binding properties. This extensive research was
accomplished through a combination of experimental techniques such as point mutations,
structure determination, binding affinity and EPR measurements – as well as computational
techniques, such as homology modeling, phylogenetics and sequence analysis. An analogous
study is already underway for type II classical cadherins. This family is of great interest as the
proteins are highly similar to type I classical cadherins, showing both strand-swapped and Xinterfaces, though with certain structural differences.

Similarly to the type Is, the various

subgroups of type IIs show specific rules of homo- and heterophilic binding; but the differences
in sequence and structure give type II cadherins their own binding affinity “rules”. Furthermore,
similar work is also in progress for the nectin subfamily, where binding specificity seems to
depend only on the nature of a few specific residues in the binding interface. The outcome of
these studies will increase our understanding of protein design principles in groups of related
proteins which are highly similar, but have finely-tuned, specific binding affinities due to subtle
differences among them.
We next focused on DN-cadherin, a Drosophila cadherin that is a functional homolog of
the vertebrate type I classical N-cadherin, yet has a much larger ectodomain of 16 EC domains.
In contrast to the vertebrate classicals, the binding mechanism of DN-cadherin is still unknown.
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We have identified EC1-9 as the minimal binding fragment. Since this region contains two novel
calcium-free linkers, one crystallized and one predicted from sequence, we believe it could have
a multi-domain binding interface, enabled by the calcium-free linkers. The shape conferred by
this new linker type could be further explored, such as with EPR experiments, to determine
whether a fixed bend, or a point of flexibility is present.
DN-cadherin binding could be similar to that of Dscams, which bind through their first
seven Ig domains. In Dscams, there is a bend at Ig2-3 and at Ig5-6, producing an S-like shape
and allowing Ig domains 2, 3, and 7 come together to form the composite interface (Sawaya,
Wojtowicz et al. 2008). There are cases where cadherins use two ECs to form a binding
interface, as in the case of EC1-2 in the classical cadherin X-dimer, or the EC1-2 hetero-interface
of Cad-23 and Pcdh-15. DN-cadherin, however, could have a new type of interface, where nonadjacent EC domains interact to dimerize. These results indicate that the new calcium-free linker,
a novel structural finding in itself, could also enable new types of cadherin interfaces.
DE-cadherin presents a second example of a binding interface potentially involving a
calcium free linker. The first six EC domains are the minimum fragment required for adhesion in
a cell-aggregation experiment (Haruta, Warrior et al. 2010). Sequence analysis shows that DEcadherin domains EC1-4 are highly similar to DN-cadherin EC6-9, which arepart of the DNcadherin binding region. DE-cadherin also contains a calcium-free linker at EC2-3. Future work
in determining its structure and binding interface would provide an interesting case not only of
another calcium-free linker, but possibly of a homophilic binding interface involving the linker.
The calcium-free linker, a general feature used across the superfamily, is significant for
ectodomain architecture and function, in positioning and spacing functional EC domains, or
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perhaps more directly participating in binding. As more structural information becomes
available, we will learn about the different roles they can play in the mechanism of cadherin
function.

Practical applications and future directions of the cadherin database

It is our conviction that this database will have many practical applications: from basic
retrieval of specific groups of cadherins, to providing structural predictions such as domain
boundaries. And, on a larger scale, it will enable comparison of ectodomain architecture among
any cadherins of interest, such as those with a specific function.
The cadherin database has already been of use for a study of the protocadherin subfamily,
in an ongoing project on the binding partners and interfaces of the α, β and γ clustered
protocadherins. The database has been used to retrieve sequences of this subfamily from specific
organisms and to divide these sequences into ECs. The determination of EC borders has also
assisted in the design of domain-swapping experiments, and the placement of peptide tags.
The cadherin database has shown the great variation in the superfamily, and in fact, has
also shown that there are structural possibilities beyond what is found in the known cadherin
structures. For example, the classification of linker types by the database has revealed that there
are different combinations of missingcalcium-binding residues, which may result in different
interdomain orientations in the ectodomain. There may, in fact, be several distinct sub-classes
oflinker types, beyond the major classifications of calcium-binding, calcium-free and partial
linkers. The systematic annotation of linker types in the database will facilitate the exploration of
this question.
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Further workin crystallizing cadherins with the various linker types will be very
informative for the connection between the nature of the interdomain linker regions and the
structural effect that it has. Interestingly, even the “classical”, fully calcium-binding linkers
exhibit structural variability in the interdomain orientation that they produce. For example,
classical cadherins and cadherin-23 have only calcium-binding linkers. While they look very
similar on the primary sequence level, superposition of two-domain fragments from these
proteins reveals that the EC orientations are not conserved. A comparison of the sequence and
structure of available two-domain constructs would help elucidate the source of these
differences. It is possible that there are subtle effects around the calcium-coordinating residues,
such as changes in the length or nature of the loops around the linker region.
A better understanding of the linker types, whether calcium-binding and calcium-free,
would greatly increase our ability to predict the extracellular structure. Combining structure
determination with sequence analysis through the database will provide a powerful tool in
identifying and classifying structural differences and their determinants – with the long-term goal
of connecting primary sequence, domain and linker structure, protein architecture and function.
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