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SUMMARY

Cadherins are cell surface adhesion proteins important for tissue development and integrity. Type |
and type I, or “classical”, cadherins form adhesive dimers via an interface formed through the
exchange, or “swapping”, of the N-terminal p-strands from their membrane-distal EC1 domains.
Here we ask which sequence and structural features in EC1 domains are responsible for g-strand
swapping and whether members of other cadherin families also form similar strand-swapped binding
interfaces. We first create a comprehensive database consisting of multiple alignments of each type
of cadherin domain. We use the known three-dimensional structures of classical cadherins to identify
conserved positions in multiple sequence alignments that appear to be crucial determinants of the
cadherin domain structure. We further identify features that are unique to EC1 domains. On the basis
of our analysis we conclude that all cadherin domains have very similar overall folds but, with the
exception of classical and desmosomal cadherin EC1 domains, most of them do not appear to bind
through a strand swapping mechanism. Thus, non-classical cadherins that function in adhesion are
likely to use different protein-protein interaction interfaces. Our results have implications for the
evolution of molecular mechanisms of cadherin-mediated adhesion in vertebrates.
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INTRODUCTION

The cadherins constitute a superfamily of Ca2*-binding cell surface transmembrane
glycoproteins, many of which are known to mediate cell-cell adhesion in vertebrates and
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invertebrates1—>. Cadherin ectodomain regions include tandemly repeated ~100 amino acid
domains called extracellular cadherin (EC) domains. With the exceptions of the seven-pass
flamingo cadherins and truncated (T-) cadherin, which is GPl-anchored, cadherins are single-
pass transmembrane proteins that contain a short cytoplasmic domain that indirectly links the
EC domainsto the cytoskeleton. Type | and type 11, or classical, cadherins are cell-cell adhesion
molecules that are present only in vertebrates, as are the closely related desmosomal cadherins,
desmocollins and desmogleins. Other cadherin families include the clustered protocadherins,
which appear only in vertebrates and regulate neuronal connectivity5; invertebrate cadherins
such as the Drosoghila melanogaster DE- and DN-cadherins, which are known to have an
adhesive functionS7; the Dachsous and Fat families, which are present in vertebrates and
invertebrates and appear to play a role in defining cell polarity8‘11; and the seven-pass
transmembrane flamingo cadherins, which are also present in both vertebrates and
invertebrates and appear to regulate cell polaritylz. Our focus in this work is on the nature of
the adhesive interface formed between cadherin molecules. Specifically, we ask whether all
cadherins bind to one another in a manner similar to that observed for type I and type Il
cadherins, or whether different binding interfaces are likely to be used by members of other
cadherin subfamilies that are still incompletely characterized in structural terms.

The three-dimensional structures of a number of type I and type I cadherin ectodomain
adhesive regions have been determined by both X-ray crystallography and NMR, and the
structure for the full ectodomain of Xenopus laevis C-cadherin has also been determined!3-
23 Table 1 contains a list of all available cadherin structures13-25. All type | and type Il
cadherins contain five EC domains that are connected via linker regions which bind Ca?* ions
(Figure 1a). EC domains adopt a Greek-key B-sandwich fold comprised of seven B-strands,
similar to immunoglobulin variable domains (Figures 1b and c). One sheet of the B-sandwich
contains strands D, E, and B, while the opposing sheet is formed by strands G, F, and C. As in
immunoglobulin variable domains, the A strand is divided into two segments, termed the A*
and A strands, which differ in their hydrogen-bonding patterns and sheet placement. The N-
terminal segment (the A* strand) has three residues which form p-sheet hydrogen bonds with
the B strand in sheet I, while the C-terminal segment (the A strand) hydrogen bonds to the G
strand in sheet Il. The two segments are separated by 2-3 residues that cross between the two
B-sheets (Figure 1c). We refer to this 2-3 residue segment as the “hinge” due to its change of
conformation in EC1 upon dimerization, which facilitates motion of the EC1 A* strand (see
below). Although the hinge region is not mobile in non-EC1 domains, which do not dimerize,
the hinge segment does cross between the two B-sheets in these domains as well. In most
domains, the hinge residues do not form hydrogen bonds with either sheet; in type 1l EC1
domains, however, the hinge residues also hydrogen bond to the G strand of the same peptide
chain.

The A* and A strands play a critical role in the binding interface. In almost all structures that
have been determined, cadherins form homodimers in such a way that the monomer-monomer
interface is located entirely on the membrane-distal EC1 domain. The two interacting EC1
domains bind in a parallel fashion, with the interface formed through a reciprocal swap of the
N-terminal A* strand that inserts the side chain of the conserved residue Trp2 into the core of
the partner domain (Figure 1b, Supplementary Table 1). Intype | cadherinsl/, almost the entire
interface is formed from strand swapped residues, while type Il cadherins22 form a larger
interface that includes additional contacts. There are three examples of classical cadherin X-
ray structures in which swapping is not observed (Table 1). Two of them, PDB codes
1FF516 and 1EDHLS, involve constructs of E-cadherin with additional residues at the N-
terminus of the EC1 domain (respectively, Met and Met-Arg). It is known that the presence of
extra N-terminal residues can prevent cadherin adhesive function by interfering with strand
swapping%, and indeed both of these proteins fail to form swapped dimers (in the case of
1EDH, electron density for critical interfacial residues is absent). Although N-cadherin EC1
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constructs with additional N-terminal residues do form swapped dimers24, in those cases the
non-native residues (Gly-Ser) may not have been as disruptive as the bulkier Met and Arg
residues found in the E-cadherin non-swapping constructs. In the third non-swapping structure,
the N-cadherin EC1-EC2 construct (INCJ), the N-terminus is disordered, including the side
chain of the critical interface residue W2.

There is a large body of evidence that indicates that the strand-swapped interface observed in
structural studies corresponds to the adhesive interface that drives inter-cellular adhesion (see
e.g. discussion in Patel et al., 2006). For example, a variety of mutations that disrupt the
swapped interface have been shown to abrogate adhesion in cell aggregation studies26-29,
Moreover, electron tomography studies of desmosomes30 suggest that the EC1-ECL1 interface
seen in the crystal structure of C-cadherinl” is indistinguishable at the resolution of these
studies from the interface formed between trans cadherin dimers located on apposing cell
surfaces. There is evidence that lateral cis-dimers also form between cadherins on the same
cell surfacel6:31-33, Cross-linking experiments have demonstrated that the lateral dimer
interface involves the same strand swapped interface seen in trans dimers28,

The central role of strand swapping in the formation of the adhesive interface between EC1
domains raises the question of whether there are unique features of these domains, relative to
other EC domains. Here, we identify a number of EC1-specific structural features and, on this
basis, suggest that other classical cadherin EC domains would not swap, even if their N-termini
were free. Our analysis suggests that desmosomal cadherins also dimerize through strand
swapping between their EC1 domains. However, other cadherins, including all cadherins from
invertebrates, despite having a domain structure that is similar to that of classical cadherins,
do not appear to exploit a swapping mechanism for dimerization and, consequently, those
domains that dimerize will likely employ different interfaces than observed for classical
cadherins.

Since strand swapping involves the N-terminal strand of the EC1 domain, a proper comparison
to other domains requires that their N-termini be defined in a consistent way. This is not
straightforward since a Ca2*-binding linker regions connects every two EC domains and a
decision has to be made where one domain ends and the other begins. For this reason, many
different definitions of a cadherin domain have been suggested and, in most cases, three-
dimensional structure has not been used to define the N- and C- termini of each domain. Here,
we provide a structure-based definition of cadherin domains which is somewhat different than
those that have appeared in the literature and in widely used sequence databases. The N-
terminus of each cadherin domain is precisely defined, and this in turn reveals important
differences between EC1 domains and other EC domains. In addition, we offer a structural and
functional interpretation of a number of cadherin sequence motifs and compile an extensive
cadherin domain sequence database that is consistent with available structural information.

Defining a cadherin domain

Cadherins are typically identified through sequence motifs such as DxNDN that are associated
with Ca* binding. However, these amino acids are located in a linker region between domains
and cannot be clearly associated with a single domain. The SMART database34 omits the entire
N-terminal region of all EC domains including EC1 (the A* and A strand and part of the B
strand), while Pfam3% omits the A* and part of the A strand. Many studies properly define the
N-terminal of the EC1 domain but extend the domain past the linker region to include residues
that clearly belong to EC2. In the following, we have associated the Ca2*-binding inter-domain
linker residues with the domain from which they originate but ensure that the linker sequence
does not include residues that are part of the following domain. As will become evident, the
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proper definition of a domain boundary is a crucial step in identifying the determinants of
swapping.

Cadherin domain sequence database

Our goal in this and the following section is to derive a multiple alignment and consensus
sequence for most known cadherin domain classes. There are 9 known cadherin sub-families
and we associate a separate class with each of the extracellular domains in a particular sub-
family. For example, there are 5 domain classes associated with type | cadherins (EC1-EC5),
5 for type 11, 5 desmocollin and 4 desmoglein domain classes, 34 fat and 9 flamingo domain
classes, and 6 a, 6 B, and 6 y protocadherin classes; 80 classes in all.

We begin by assembling a database of cadherin domains, and then we assign them to specific
domain classes based on their relationship to well-annotated domains of that class. Finally,
consensus sequences are constructed for each domain class. This step in our analysis is based
entirely on sequence relationships. The database of cadherin domain sequences was derived
by first using the Hidden Markov Model (HMM) for cadherin domains found in the SMART
database34 to search the non-redundant sequence database UniRef10036. About 21,500
sequences belonging to about 3,305 proteins were retrieved in this way. Since the SMART
domain omits the three N-terminal strands (the A*, A, and part of the B strands), each of these
sequences was extended to include the omitted strands. Where present, the conserved Ca?*-
binding motif DXxNDN was used to define the linker region between domains. Visual inspection
of all available structures of EC2-5 domains indicates that the N-terminus follows the Ca2*
linker sequence and usually has the sequence XPXF. The first two N-terminal residues (XP of
the XPXF motif) are structurally part of the body of the domain but do not participate in -
sheet hydrogen bonding. The N-terminal A* strand generally consists of three residues starting
with the XF residues of XPXF motif (see Fig]ure 2a). In most previous studies the Pro residue
of this motif was associated with domain 13 ‘39, as was the highly conserved Phe. Yet the
A* strand and the preceding two residues are at the N-terminus of each cadherin domain, and
the Phe is aligned with the conserved Trp2 in ECL1 that plays a crucial role in swapping (see
below). In our database, the residue preceding the Pro is generally the N-terminal residue of
the domain to which it is assigned.

All the domain sequences were pooled and filtered to remove redundancy using CD-HIT40
with a threshold of 98% sequence identity. Short hits (length <90) which are not full-length
cadherin domains were also removed. Following the filtering step, 9788 domain sequences
remain. In order to assign each sequence with a particular domain class (for example, one
“class” would contain EC1 domains from type | cadherins, and another EC3 domains from
desmosomal cadherins). To accomplish this, we first needed to obtain a representative seed
sequence for each domain. We searched the SwissProt database for well-annotated sequences
belonging to each of the 9 cadherin families. These were then partitioned into sequences for
individual domains based on visual inspection of the linker regions. Where present, the DXNDN
Ca?*-binding motif in the linker region defined the C-terminus of the previous domain (DxNE
for the EC3-ECA4 linker). For cases where the Ca2*-binding motif was absent, alignments to
similar sequences where the motif was present were used to aid the domain definitions. The
domains defined in this way were then clustered at the level of 60% sequence identity. For
each domain class a multiple sequence alignment was created using T-COFFEE#L, An HMM
was constructed from the alignment and used to generate the representative sequence for each
domain class using HMMER#*2 with default parameters. The 80 HMMs are available as
supplementary data and are also on our website,
http://luna.bioc.columbia.edu/honiglab/Cadherins/, as are the representative sequences.
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Domain class-specific consensus sequences

Each of the 9788 sequences in our database was associated with one of the 80 domain classes
if the sequence was greater than 50% identical to the corresponding representative seed
sequence. If this criterion was met by more than one seed sequence, the query sequence was
assigned to the domain with which it had the greater level of identity. The choice of 50% as a
cutoff is somewnhat arbitrary, but it is based on the fact that cadherin domains are typically 45—
60% identical to homologous sequences of the same domain and 20-40% identical to sequences
of other domains. Table 2 (supplemental) provides some of the relevant numbers for classical
and desmosomal cadherins, but the results are quite similar for all cadherin domains (data not
shown).

Of the 9788 domain sequences, 3868 could be assigned to one of the 80 domain classes based
on the 50% sequence identity criterion. A multiple alignment of the sequences assigned to a
particular domain class was carried out with T-COFFEE and a majority-rule consensus
sequence was constructed by selecting the residue most frequently found at each position of
the alignment. Note that in the previous section we constructed HMMs and representative seed
sequences from a relatively small number of well-annotated SwissProt sequences and used
them to assign sequences to individual domains. In this section we build “consensus sequences”
from the entire set of sequences assigned to a particular domain class.

Structure-based alignment of consensus sequences of types | and Il cadherin domains

The procedure described above allowed us to obtain consensus sequences for each of the 80
domain classes. We focus now on the ten classical cadherin domain classes and use structural
information to align their consensus sequences to one another. This alignment will enable the
identification of conserved positions that are common to all ten domain classes. A multiple
structure alignment of 17 Type I and Type 11 cadherin domains was generated with Ska%3, and
this yielded a structure-based sequence alignment. The consensus sequence for the five type |
cadherin domains (EC1-5) and 3 type Il domains (EC1-3) for which structures are available
were then aligned to the structure-based sequence alignment using an approach that has been
described previously44. Since there are no available structures for the type 11 EC4 and EC5
domains, the HMAP program45 was used to align the consensus sequence of these domains
to the structure-based alignment. Figure 2a shows the multiple alignment of the 10 consensus
sequences. The residues that are highlighted are discussed in the following sections.

Sequence and structure determinants of the cadherin fold

Figure 3a displays a multiple alignment of cadherin domains of known structure. Where
multiple structures were available for the same domain (for example, E-cadherin EC2 and
cadherin-8 EC1), the domain structure with the highest resolution and most native sequence
(with the fewest number of non-native residues) was used. It is clear that the basic cadherin
fold is well-conserved and that the core -sheets superimpose quite well. The greatest variation
is seen in the N-terminal region where EC1 domains, due to swapping, have different
conformations, and in the loops. Most pairwise RMSDs are below 3 A (Figure 3b), and most
of the RMSDs calculated using only residues in p-sheets are below 2 A (data not shown).
Corresponding domains from the same family are structurally almost indistinguishable; for
example, the three type | EC1s and type 11 EC1s have pairwise RMSDs of 1.2.-1.9 A and 0.5-
1.3 A, respectively (for B-sheets, the ranges are 0.47-0.53 A and 0.30-0.37 A). Moreover,
corresponding domains from different families are generally more similar than different
domains within the same family; for example, type | EC1s are most closely related to type Il
EC1s, with pairwise RMSDs <2.2 A; type | EC2s are most closely related to type |1 EC2s, with
pairwise RMSDs <1.4 A. Similarly, the recent NMR structure of desmoglein-2 EC1 (PDB
2YQG) is closest to the type | EC1s, with pairwise RMSDs of 2.2—2.3 A. The two protocadherin
EC1sare structurally similar to each other (2.3 ARMSD) but are outliers relative to the classical
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cadherin domains, with RMSDs of 2.7-4.3 A due primarily to differences in the loop regions.
In contrast to the classical cadherin domains, which contain only (3 structure, protocadherin
EC1s have an a-helix inserted between the B and C strands. When only the B-sheets are
considered, the protocadherin EC1s are 1.04-3.08 A distant from the classical domains,
indicating that the B-sheet regions are structurally conserved.

In order to identify determinants of the cadherin fold, we analyzed the consensus sequences of
the ten classical cadherin domain classes and their multiple sequence alignments (Figure 2a)
by looking for conserved sequence signals at each position in the alignment. These signals
were based on a grouping of amino acids based on physical properties that was introduced by
Ptitsyn and Ting 6. The residue types are: nonpolar (LIVMFYWA); acidic and amide
(DENQ); basic (KRH); hydroxyl (ST); proline (P); cysteine (C); and glycine (G). Conserved
positions were identified in two stages: First, each column of the global consensus sequence
alignment (Figure 2a) was examined to see if the same residue type was present in 9 of the 10
consensus sequences at that position, with no gaps allowed. If this criterion was satisfied, the
corresponding position of each type | and type Il domain class-specific multiple sequence
alignment in our cadherin database was checked. If the same residue type was present in the
majority of sequences (>50%) for each domain class separately, the column was considered
to be a position whose properties are common to all classical cadherin EC domains, and was
labeled as a “conserved” position.

This procedure identifies fourteen conserved positions, thirteen of which are hydrophobic
(Figure 2). Eleven of the positions are especially conserved, with the same residue type present
in >70% of the sequences of each separate alignment. Based on their positions in the B-strands,
these positions are labeled A*2, B6, C1, C3, D1, D3, F2, F4, F6, F8, G5, and G7. The remaining
two conserved positions, A8 and C5, are found in 50-70% of the sequences of each separate
alignment. All of the conserved hydrophobic residues are buried in the protein interior with
average solvent accessible surfaces (SAS) <20 A2, The single polar conserved position is a
Glu in the AB loop that forms part of the interdomain Ca2* binding site at the four junctions
between the five cadherin domains. However, this Glu is also present in EC5 even though it
does not bind Ca2*. Some of these thirteen positions have been seen in previous work3 AT,
however, our use of structure-based definition of a domain adds A*2, F6, and F8 as conserved
domain positions.

The conserved nonpolar residues form a network of contacts that define the hydrophobic core
of a cadherin domain. The contacts delineate two independent clusters of core residues within
each domain, with core residues G5 and C5 bridging the two clusters (Figure 2b). In the first
cluster, which consists of seven residues (A*2, B6, D3, C1, C3, F6, and F8), twelve pairwise
contacts are conserved in at least 14 of the 17 cadherin domain structures. In the second cluster,
four residues (D1, F2, F4, and G7) make five conserved contacts. Most of the contacts are
present at the interface between the two B-sheets and are closely related to the contacts between
the core residues of immunoglobulin domains?8.

Determinants of swapping in the EC1 domain

Although all classical cadherin repeats share a common core, only the N-terminal domain
(EC1) forms the strand-swapped dimer interface. There is presently little direct evidence as to
whether other EC domains would form swapped dimers if their N-termini were free, but a study
of the E-cadherin EC2 domain does show that it is monomeric in solution49, and our own
results show that E-cadherin EC2-EC3 domain constructs are monomeric (unpublished). Our
goal in this section is to determine whether there are differences between the EC1 domain and
all other EC domain classes that suggest why only EC1 domains form a strand-swapped dimer.
The conservation patterns shown in Figure 2a suggest that there are a number of features that
are unique to EC1. These include:
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Trp2 - There is a Trp residue at position 2 in all EC1 domains, whereas other EC
domains have another hydrophobic residue at that position, usually a Phe. It is known
that the mutation of Trp2 to an Ala eliminates cell-cell adhesion, whereas mutation
to a Phe significantly reduces the extent of adhesion, suggesting that the dimerization
free energy is severely reduced by the mutation?’. The Trp binding pocket in the
strand-swapped dimer is part of one of the two hydrophobic clusters described above.
It is formed by residues B6 (11e24 in EC1), C3 (Tyr36), F6 (Ser78), and F8 (Ala80).
In monomer forms of EC1, and in domains EC2-5, Trp2 (or Phe4) inserts into the
corresponding pocket in its own domain. Type Il cadherins have a second conserved
tryptophan, Trp4, that also participates in swapping interactions.

Length of the A strand and strain - The A strand of EC1s is shorter than in other
domains. Compared to EC1, ECs 2-4 have two extra residues in the A strand that form
additional hydrogen bonds with the G strand (Figure 2a). EC5 domains appear to have
only one extra residue. The three residues preceding the A strand (positions 3-5) in
EC1 form the hinge that links the swapping N-terminus to the rest of the domain
(Figure 4). As a consequence of the longer A strand, the hinge region in ECs 2-5 is
positioned higher in the structure than in EC1 and forms a bulge (Figure 5). It is
possible that the shorter strand in EC1 destabilizes the monomer by inducing strain
in closed conformations, where Trp2 tucks into a pocket in its own monomer. Indeed,
it has been observed in other systems that shortening an N-terminal strand leads to
the formation of swapped dimers®0-

The absence of a proline near the N-terminus - Domains EC2-EC5 have a conserved
Pro2 that is absent in EC1 domains (Figure 2a). This Pro is part of a PXF motif that
is found in most classical cadherin domains, though some contain variants; for
example, many type I cadherins have a PXP in EC5. The presence of the extra proline
in EC2-5 may play a role in inhibiting swapping. In these domains, residues of the B
and G strands form a pocket into which the Pro inserts and which may serve to anchor
the A and A* strands (Figure 6a) so as to inhibit swapping. In EC1, the proline
“anchor” is missing and the proline pocket is filled instead by a C-terminal residue,
Val88. VVal88 is part of an extended FG loop in the EC1 G strand that has no structural
equivalent in ECs 2-5 (Figure 6b and c). It appears then that EC1 has added residues
in the FG loop that fill a hydrophobic pocket which is filled by Pro2 in other EC
domains.

Glu89 - EC1 domains have a conserved Glu at position 89 that is not present in other
domains (Figure 2a). Glu89, like the neighboring Val88, is located in the FG loop of
ECL1. The Glu89 side chain forms a salt bridge with the charged amino terminus as
part of the swapping interface. Mutations of EC1 that destroy the salt bridge either
by replacing Glu89 with Ala or by extending the N-terminus interfere with
adhesion2®. Given the critical contribution of the salt bridge to adhesion, the presence
of a negatively charged residue that is capable of forming the salt bridge seems likely
to be required for swapping.

Non-classical cadherins

The sequence relationships in supplementary Table 2, an alignment of consensus sequences
(Figure 2a), and the conservation pattern of the residues in the hydrophobic core (data not
shown) strongly suggest that all the cadherin domains included in this work have structures
that closely resemble the domain structure of classical cadherins. Here we consider whether
the individual EC1 domains are likely to dimerize through a strand-swapped interface. Figure
7 contains an alignment of the consensus sequences of EC1 domains for which no structures
have been determined with the consensus type | EC1 and EC2 sequences. This alignment will
be used as a basis for determining whether non-classical cadherins form strand-swapped
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interfaces. While the alignment demonstrates that all of the non-classical cadherin domains
share the overall fold as well as the conserved core positions with the classical domains,
significant differences arise in the regions that contribute to swapping (Figure 7).

Desmosomal cadherins—As can be seen in Figure 7, all of the swapping determinants
can be found in the desmocollin and desmoglein EC1 domains. Specifically, a) there is a
conserved Trp at position 2, b) the three conserved pocket positions whose sidechains directly
contact Trp2 — lle24 (B6), Tyr36 (C3), and Ala80 (F8) — are conserved, ¢) there is no Pro near
the N-terminus and the extended FG loop containing Val88 is present, d) the A strand is the
same length as in classical cadherin EC1s, and e) Glu89 is conserved. The recent NMR structure
of desmoglein-2 EC1 (PDB 2YQG) confirms the conservation of these structural features in
desmogleins. It therefore seems quite likely that desmosomal cadherins dimerize through a
strand-swapping mechanism.

Fat and flamingo cadherins—In contrast, fat and flamingo EC1 domains appear to
resemble type | EC2 domains more than they resemble EC1 domains and thus are not predicted
to swap. They have more residues in the A strand, a Phe instead of a Trp that aligns with Trp2,
and an extra nonpolar residue that aligns with the N-terminal Pro in EC2 domains. In addition,
the FG loop is not extended. It is interesting that fats do have a Glu residue that is nearly aligned
with Glu89 in ECL1, but that is the only swapping determinant that may be present.

Clustered protocadherins—Although two NMR structures of protocadherin EC1 domains
are available, the N-terminal conformations are still uncertain. The structure of protocadherin-
B14 (AWYJ) has seven residues at the N-terminus that are due to a cloning artifact and do not
appear in the native sequence. As a result the N-terminal conformation is distorted. The correct
N-terminus has been shown to be crucial for the formation of a strand-swapped dimerization
interface in classical cadherins?1:26, and this may be true of protocadherins as well. The N-
terminal sequence of the protocadherin-a4 structure (1WUZ) is GNSQ, as predicted by signal
peptide prediction algorithm525. In contrast, results from a high-throughput mass spectrometry
screen suggest that the N-terminus of protocadherin-a2 may contain four additional residues
N-terminal to the GNSQ sequence (AWEAGNSQ)53. In our analysis we have used the
structural alignment of 1WYJ and 1WUZ to the classical cadherin structures to guide the
alignment of the corresponding EC1 consensus sequences, but we have manually adjusted the
N-terminal regions to be in accord with the sequence determined from mass spectrometry
analysis. In the N-terminal cadherin domains of all 3 protocadherin families, most of the core
positions are conserved. Structural alignment of the classical cadherin domains with the NMR
structures of protocadherins-a4 and -B14 confirm that the positions of the core positions are
equivalent in these molecules. Position C1 is an exception; it is not hydrophobic in 2 of the 3
protocadherin families.

Our analysis suggests that protocadherins do not form strand-swapped dimers. The A strand
is longer than in EC1 domains of classical cadherins and there is no residue that aligns with
Glu89. On the other hand, about two thirds of the a-protocadherins contain potential N-terminal
Trps, as do some members of the y-protocadherin family. However, the Trp is not universally
conserved in these families as it is in the classical cadherins, and it is rarely present in the -
protocadherins. Moreover, although the three swapping pocket residues are hydrophaobic in the
clustered protocadherins, the sidechains in the protocadherins tend to be bigger than in the
classical cadherins: For example, a protocadherins tend to have valine at position F8 instead
of alanine. As a result, the pockets formed by these positions in the clustered protocadherins
are smaller and less likely to accommodate the large Trp sidechain. Moreover, all three families
of protocadherins have an a-helix between the B and C strands which is absent in classical
cadherins. A highly conserved leucine in this helix (L26 in 1WUZ and L34 in 1WY1J) partially
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fills the hydrophobic pocket in both protocadherin NMR structures, further reducing the cavity
volume.

DE- and DN-cadherin—For the D. melanogaster proteins DE- and DN-cadherin, the
number of cadherin domains in the extracellular region as well as the precise N-termini have
been the subject of some uncertainty. Oda et al.6 suggested that the DE-cadherin sequence
contains six cadherin repeats, with the first repeat cleaved off by a protease6. However, Hill
etal.>4 contend that DE-cadherin has eight cadherin repeats, where the proposed cleavage site
is in the middle of the second repeat, and that there is no cleavage upon maturation. Similarly,
the number of cadherin repeats predicted in DN-cadherin ranges from 16-19°495  In this case,
a hypothetical internal cleavage site is found in the last cadherin repeat55. Despite this
uncertainty, for both DE- and DN-cadherin, both the first cadherin repeat (which may be
cleaved off) and the N-terminal repeat of the proposed mature protein align much better to
classical cadherin EC2 domains than they do to EC1. None of the swapping determinants are
present, suggesting that these adhesion molecules form a different dimerization interface than
do classical cadherins.

DISCUSSION

The major goal of this paper is to determine whether the non-classical cadherins have
dimerization interfaces similar to those formed by classical cadherins. Specifically, we address
the question of whether non-classical cadherins exploit the B-strand swapping mechanism used
by classical cadherins to form an interface. Since the presence of strand swapping is known to
be extremely sensitive to the length and characteristics of the sequence in the N-terminal region
of the EC1 domain, we used structural information to define the N-termini of other domains.
We find that all current definitions of cadherin domains leave out the N-terminal residues, and
some databases omit entire N-terminal strands. This problem highlights the need to use
structural information, where available, to make domain assignments. We have compiled a
new and comprehensive database of cadherin domains and have generated HMMs and
consensus sequences for each. Our classified cadherin sequences are available as
supplementary data and at http://luna.bioc.columbia.edu/honiglab/Cadherins/.

Based on the known structures of type | and type Il cadherin domains, we have identified a
number of sequence features that are unique to EC1 domains. These include the length of the
A strand, the presence of a Trp residue in position 2 in EC1 domains, and a Glu at position 89
that forms a salt-bridge with the N terminus. In addition, domains EC2-5 have an extra residue
near their N-terminus, usually a Pro, that inserts into a hydrophobic pocket in its own domain
and in this way appears to inhibit swapping. We assume that EC2-5 are prototypes of domains
that do not strand swap. The central finding of this work is that, with the exception of
desmosomal cadherins, all other cadherin EC1 domains more closely resemble classical
cadherin domains EC2-5 than they do EC1. This is true at the sequence level (Table 2
supplemental), but it is most evident by comparing sequences in the N-terminal region, where
itis clear that the unique features of classical EC1s are absent in all non-classical EC1 domains.

Our analysis thus suggests that non-classical cadherins do not use a strand swap binding
mechanism. Those that function in cell adhesion are therefore likely to associate through
different interfaces than the one formed between EC1 domains of classical cadherins. This is
somewhat surprising, since the domains themselves are very similar in structure and might be
expected to interact in similar ways. EC1 superimposes structurally with other domains quite
well (Figure 3a) and shares the same set of conserved positions that we have shown make up
the hydrophobic core of all cadherin domains. These core residues include the Ala in the HAV
motif that has often been thought to be a signature motif from cadherins. However, the His and
Val are not generally conserved, and the motif itself has no obvious structural or functional
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significance. Indeed, the side chains of the His and Val do not even face the binding pocket.
In contrast, the Ala corresponds to core position F8 and participates in interactions at the
interface, where it forms part of the hydrophobic pocket and contacts the swapping Trp in EC1.

The hydrophobic core of EC1 must be maintained for adhesion to occur. Mutations at positions
in the first hydrophobic cluster, at positions C3 (Tyr36), F6 (Ser78), and F8 (Ala80) in EC1
abolish adhesion. Mutations in the second cluster either abolish adhesion, as with position D1
(Phe51), or diminish it - position F2 (Tyr74)56. In contrast, mutations at position C3 or D1 in
EC2 reduce adhesion only slightly, which is consistent with the fact that EC2 does not
participate directly in the adhesive interface. The second cluster appears to be evolutionarily
conserved, presumably due to its structural role in defining the hydrophobic core of the domain.
The first cluster plays an additional, functional role: in EC1 domains, the cluster serves as the
binding interface for the strand that swaps from a partner chain. The generation of a functional
motif in EC1 from an internal structural motif is a strikin% example of how strand swapping
can be used in the evolution of new oligomeric interfaces 7

A similar phenomenon has been observed in the evolution of dimerization in the Cro family
of bacteriophage transcription factors. A Cro forms a domain-swapped homodimer via a “ball-
and-socket’ interface in which a Phe from one subunit inserts into a hydrophobic pocket on
the partner subunit®8. Dimeric A Cro can bind specifically to its cognate operator sites and
repress transcription. In contrast to A Cro, which dimerizes as a free protein, the homologous
P22 Cro domain forms a stable monomer in solution and dimerizes only when bound to DNA.
It has been shown that the Cro dimer interface evolved from an intramolecular interaction that
was part of the hydrophobic core in the ancestral Cro domain®8. Here, we propose that a similar
process occurred in the evolution of the swapped cadherin interface.

Strand swapping or, more generally, domain swapping, might be expected to be energetically
unfavorable since, in the simplest definition of the process, interactions in the dimer replace
corresponding interactions in the monomer. Moreover, the loss of translational and rotational
entropy will always oppose dimer formation. It has been observed that interfaces that are
formed via domain swapping tend to have lower binding affinities than comparably sized
interfaces between subunits that do not swap59, but nevertheless, in many cases swapping is
energetically favorable. In such instances, there must be favorable interactions present in the
dimer that are absent in the monomer or, conversely, that strain in the monomer is removed
upon dimer formation. The latter mechanism has been exploited in a number of protein design
experiments either by shortening hinge regions in a way that inhibits the formation of
monomeric conformations, or by adding prolines to a hinge where its limited conformational
freedom can induce strain in a monomer conformation®0,2,60-62, Type | cadherins appear
to exploit both mechanisms since the hinge region in their EC1 domains is shorter than in other
EC domains, and there are two prolines in the hinge whose possible importance has recently
been discussed23. Type Il cadherins do not contain prolines in the hinge region, however, in
common with type | cadherins, the hinge region is significantly shorter than in other EC
domains.

The nearest structural neighbors to cadherins are the set of I-type immunoglobulins, which
have the same overall topology63. Interestingly, truncated constructs of I-type
immunoglobulin domains in the Trk family of nerve growth factor receptors have also been
shown to swap A strands84.65. The Trk dimers differ from cadherins in exchanging the full
length of their A strands, with the hinge located at the AB loop, and the hinges in homologous
Trk dimers can adopt different orientations®. In the case of the Trk family, the swapping
domain is the fifth, membrane-proximal Ig domain of the extracellular region; it does not swap
in the native protein since it is not at the N-terminus, but the truncated domain is capable of
swapping. In contrast, the ability of cadherin EC1 to swap cannot be due only to its position
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at the N-terminus: truncated EC2 constructs have been shown to be monomeric49, and the
EC2-Iike£r0domain, which is cleaved in the mature protein, is incapable of mediating
adhesion20:49, Rather, there must be specific structural features of EC1 that distinguish it from
other cadherin domains and allow it to swap.

The exclusive presence of a Trp2 in all classical cadherin EC1 domains is difficult to
understand. It replaces a nonpolar residue, usually a Phe, that occupies the same position in
EC2-5 and, as mentioned above, a Trp to Phe mutation in EC1 weakens cell-cell adhesion?”.
Trp is less hydrophobic than Pheb6, but if its interactions in the monomer form are identical
to those in the dimer, this should not affect the binding affinity. It is possible that the greater
size of a Trp, and the presence of polar atoms in its ring system, make it more difficult to
accommodate in the monomer conformation and that, together with the shortened hinge loop,
destabilizes the monomer with respect to the dimer. Despite uncertainties as to the physical
basis for the role of Trp2, this residue provides a clear sequence marker for EC1 domains.

Our study does not provide evidence as to the possible role of Ca2* in strand swapping. It is
known that Ca2* is required for the formation of adhesive interactions between cadherins on
apposing cells; when Ca2* is depleted, only lateral interactions between molecules on the same
cell surface can form16:28,68_ This observation has been attributed to the role of Ca2* in
rigidifying cadherin ectodomains in a conformation that facilitates trans interactions. In
contrast, when the relative orientation of cadherin domains is not restricted, the protein can
fold back on itself and can easily form lateral interactions with molecules on the same cell
surfacel6:18:69 It i less clear whether, in addition, Ca2* binding directly facilitates strand
swapping. Haussinger et al.2L have found that the dimerization of E-cadherin EC1-EC2
domain constructs is enhanced by Ca%* binding, suggesting a possible role in the swapping
process; however, the molecular mechanism through which this might occur is still obscure.

As discussed above, EC1 domains of desmosomal cadherins are very similar to EC1 domains
of classical cadherins, while all other non-classical cadherin domains are more similar to
EC2-5. This suggests that the other non-classical cadherins dimerize through another interface
and that the strand-swapped interface formed by EC1 domains represents an evolutionary
development that is observed only in vertebrates. There is little direct information as to the
nature of a second interface, but structural studies of cadherins with additional residues at their
N-termini, which do not form strand-swapped dimers, (PDB codes 1FF516 and 1EDH15) may
provide a clue. These proteins form an interface in the Ca2* binding region that lies between
their EC1 and EC2 domains and, based on the “X”-like shape of the four domains in the dimer,
we have designated this as the “X-interface”. The physiological relevance, if any, of this
interface is unknown, but it is of interest that T-cadherin dimerizes through the formation of
an X-interface but not with the standard strand swapping mechanism (unpublished). A third
tf/éae of interface has been observed in crystal structures of C-cadherinl” and E-cadherinl®;

23 in which residues from the C, D, and F strands of EC1 interact with the lower parts of
the B, D, and E strands of EC2. Whether this interface has physiological relevance or arises
solely from crystal contacts is currently unclear.

In earlier work, we have shown that strand swapping can provide the basis for explaining how
a family of very similar molecules such as the type | and type 11 cadherins can form highly
specific molecular interfaces that have weak binding affinities®®. We demonstrated that low
absolute dimerization affinities, which result from strand swapping, make it possible for even
small differences between homophilic and heterophilic affinities, in combination with multiple
interactions on the cell surface, to result in highly specific homophilic cell-cell adhesion®9.
The use of closely related cadherin paralogs to mediate cell-cell adhesion appears to be a
phenomenon that is restricted largely to vertebrates. Invertebrates have far fewer cadherins
than do vertebrates and the paralogs are less similar to each other. For example, humans have
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at least five type I cadherins and thirteen type 11 cadherins, while Drosophila have only three
cadherins that contain the classical cytoplasmic domain, one of which is multiply spliced54v
67 Moreover, while the N-terminal domains of human N-cadherin and E-cadherin are 60%
identical in sequence, the equivalent domains of D. melanogaster N-cadherin and E-cadherin
are only 28% identical. We speculate that the evolution in vertebrates of large families of
closely related cadherins occurred in concert with the formation of a strand-swapped interface.

Multiple sequence alignments were carried out with the T-coffee program41. Hidden Markov
Models were constructed using HMMER#2, The HMAP profile-profile alignment program
was used to align cadherin domains for which no structure is available to domains of known
structure. HMAP weights scores at each position in an alignment based on secondary structure
information derived either from known structures or from predicted secondary structure. The
Ska program43 was used to obtain structure-based alignments. All structural representations
were prepared with PyMOL (http://pymol.sourceforge.net), except for Figure 6, which was
prepared using GRASP243,

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Cadherin domain topology and architecture. (a) X-ray crystal structure of C-cadherin full
length dimer. The two protomers are in yellow and blue, and the Ca2* ions are in green. (b)
Magnified view of the C-cadherin EC1-EC1 swapping interface. Trp2 of each protomer is
shown in stick representation. For each protomer, the N-terminus (N), A* strand, W2, and A
strand are labeled. (c) Schematic representation of C-cadherin EC2. Arrows indicate 3 strands.
Sheet | of the B sandwich is shown in purple and sheet Il in green. The hinge (denoted *Hn”)
where the A*/A strand crosses B sheets is in red.
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RPEFTQQVFN-GSVPEG-S-K--P--GT--SVMTVTATDAD-DP-NTDNG-D-IRYSIL-SQ--DP---PSPSPNMETINP
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APVFPPNPKL-IRVEEG-L-P--VG--S--VLTTFTAQDPDTFM--Q-Q--K-IRYSKL---S----DP----ANWLKINP
PPVFSKPSYL-MEVPED-A-A--VG--T--IIGTVSARDPDAA---N-S--P-IRYSID---RHT--DL----DRIFNIDS
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APEFATPYE--TFVCE-NAKP------ GQLI-QTISAVDKDD-P--A-PGHR-FYFSLA-P----- EAAN--NP-NETLRD
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1234 123456739 1 234567890

—————— E-SGWLSV---TQP-L-DR-EKIA---SYHLRAHAVD----VNGN--Q---V-E---N-PMDIIITVIDQNDN
—————— N-TGDIHA---TKR-L-DREE-KA---FYTLRAQAVD-R--RTNR--P---L-E---P-ESEFIIKVQDINDN
—————— E-TGDISV---VATGL-DREK-VP---QY¥TLIIQATDMEG-E-G---------L--ST-TATAVITVTDVNDN
—————— K-TGIIRT---ALPNM-DREA-RE---QYQVVIQAKDM-GGQ-MG--G---L----SG-TTTVNITLTDVNDN
D--PVIN-EGILTV---VKG-LDY-EA-NR---QYTLTVAVEN-E--A-PLAV---PL-P--TS-TATVTVITVEDVNE-
D--KDT-QEGIITV---KKP-LDF-ET-KK---SYTLKVEASN-T-HV-DP-RFLSLGPF--KD-TATVKISVEDVDE-

------ T-NGQITT---TA-VL-DRESPFVKNNVYEATFLATD-N-GSP-P------A----TG-TGTLQIYLLDVNDN
—————— G-NGTITT---AK-PL-DRE----TSAWHNITVIATE-I-D-N-P------S----IS-RVPVAIKVLDVNDN
ISGD-F--AQLSLK---IG-FL-----E-S--GIYEIPIIITD---S--GN--L----- PMSNTSYLRVKVCQCDINGD
NEDN-T--ASILTRRNGFS-RQ-----E-Q--SVYLLPIVISD---N--GY--P----- SLSSTGTLTIRVCACDSDGN

J Mol Biol. Author manuscript; available in PMC 2009 May 9



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnue\ Joyiny Vd-HIN

Posy et al.

Page 18

Figure 2.

(a) Structure-based sequence alignment of cadherin consensus sequences. Positions that are
conserved in terms of residue type are highlighted, with residues of cluster 1 in green and
residues of cluster 2 in red. The two bridge positions are in orange. Residue positions are labeled
according to their positions in this alignment, using the typel-EC1 consensus sequence as a
reference. The EC1-specific position E89 is shown in blue, and the PxF motif of ECs 2-5 is in
aqua. The hinge is denoted ‘Hn’ and the linker ‘Ln’. (b) The locations in the structure of the
conserved positions in C-cadherin EC2 (PDB code 1L3W) are shown in stick representation
and colored as in (a).
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Figure 3.

J Mol Biol. Author manuscript; available in PMC 2009 May 9.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Posy et al.

Page 20

Structural alignment of 22 cadherin domains. (a) Ribbon representation of the aligned domains,
in stereo. The P strands of sheet | are shown in purple and of sheet 11 in green. The structural
alignment was constructed using Ska%3. (b) Contour plot of all-against-all RMSD values for
cadherin domains. The boxed regions indicate EC1s (upper left) and ECs 2, 3, and 4 (center).
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Figure 4.

Stereo view of alternate conformations of the A* strand. The E-cadherin EC1 monomer (PDB
106S) with W2 inserted into its pocket (purple) was aligned using Ska43 to a set of EC1 dimer
protomers with W2 extended toward its partner molecule: E-cadherin (2072, blue), N-cadherin
(INCG, orange), C-cadherin (1L3W, red), cadherin-8 (1ZXK, green), cadherin-11 (2A4C,
cyan), and mn-cadherin (1ZVN, brown). The hinge connecting the swapping A* strand to the
rest of the domain is indicated.
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Figure 5.

Multiple structure alignment of cadherin domains. Domains in the alignment include E-
cadherin EC1 (PDB 106S), N-cadherin EC2 (1NCJ), E-cadherin EC2 (2072), C-cadherin EC2
(1L3W), cadherin-11 EC2 (2A4E), cadherin-8 EC2 (2A62), C-cadherin EC3 (1L3W),
cadherin-8 EC3 (2A62), and C-cadherin EC4 (1L3W). The A* strand, hinge, and A strand are
highlighted (E-cadherin EC1 A* and A strands in pink and hinge in red; ECs 2-4 A* and A
strands in blue and hinge in teal). C-cadherin EC5 (1L3W) was excluded for clarity of
visualization, since its A strand has a slightly different orientation. The view is in stereo.
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Figure 6.

Pocket filling residues in EC2 and EC1. (a) In EC2, P106 of the A* strand PxF motif fills a
pocket in the molecule. This interaction is shown with the PxF motif in stick representation
and the molecular surface of the pocket drawn. The A* and A strand residues were not included
in building the molecular surface. (b) In EC1, the equivalent pocket is filled by a residue of
the G strand, V88. The A*, A strand, and A87-V88 residues were not included in building the
molecular surface so as to highlight the filled pocket. (c) Structure-based sequence alignment
of E-cadherin EC1 and E-cadherin EC2 (PDB 1FF5). N-terminal residues — P106 and F108 in
EC2 and W2 in EC1 - are indicated in yellow. V88, in the EC1 G strand, is in blue.

J Mol Biol. Author manuscript; available in PMC 2009 May 9.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Posy et al.

Page 24

*

A m A B > C
POSITION 123 12345678 1234567 8 9 1 234567
typel-EC1 --DWVIPP--|---ISVPENSRGPFPQRLVQIK-—--~-S---DKDK----E-T--KV-RYSITG-PGADQP-PKG
desmoc-EC1 --RWAPIP-—-|---CSMQENSLGPFPLFLQQIQ----S---DTAQ----N-Y--TI-FYSISG-PGVDKE-PFN
desmog-EC1 --EWIKFA-----AACREGEDNSKRNPIAKIH----S---DLEE----N-QGLKI-TYRISG-VGIDEP-PFG
typel-EC2 RPEFTQQV-—-FN-GSVPEGSK--PGTSVMTVT----A---TD-ADDPNT-DNGDI-RYSILSQDP--PSPSPN

proto-a-EC1
proto-p-EC1
proto-y-EC1
flamingo-EC1

- - AWEAGSGQL-HYSVPEEAK--HGTFVGRIAQDLGL---E-LA----EL---VPRLFRVASKGR--G----D
- -GLSKAGSH
-ALLGTLGQ-I-RYSIPHELE--KGSFVGNIAKDLGL---D-VR----EL---AERGLRIVS--R--G---RK
SPQFQQPNYQ

fat-EC1 -LRFTHSV--YN-ATIYENSA--AKTYVESPV----K--MGI-YLT---DPSWEV-RYRIVSGDK--ENL---
POSITION 12345 1234 123456789 1234567890
typel-EC1 -IFIIDRESG------ WLSVTQP----LDRE--—--- KI-A-SYHLRAHAVD---VNGNQVENPMDIIITVIDQNDN
desmoc-EC1 -LEYIERDTG------ NLYCTRS----VDRE-—---— QY-D-SFELIAYATT---ADGYSPELPLPLLIKVEDENDN
desmog-EC1 -IFVINPNTG------ EINITSI----VDRE----- ET-P-VFLITCRALN---SRGQDLEKPLELRVKVLDINDN
typel-EC2 -MFTINPETG------ DISVVATG---LDRE----- KV-P-QYTLIIQATDMEGEG-LS-T-TATAVITVTDVNDN
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Figure 7.

Sequence alignment of type | EC1 and EC2 consensus sequences with consensus sequences
from non-classical cadherin EC1s. The alignment was generated by aligning each non-classical
cadherin consensus sequence to the type | EC1 consensus sequence using HMAP#, The
pairwise alignments were merged and the resulting multiple sequence alignment is displayed.
The alignment columns corresponding to the core positions of the classical cadherin domains
are colored as in Figure 2. The EC1-specific positions V88 (gray) and E89 (blue) are
highlighted, and the region aligned to the PxF motif of EC2 is in aqua. The A strand is boxed
in red.
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