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SUMMARY

Type Il cadherins are cell-cell adhesion proteins
critical for tissue patterning and neuronal targeting
but whose molecular binding code remains poorly
understood. Here, we delineate binding preferences
for type Il cadherin cell-adhesive regions, revealing
extensive heterophilic interactions between specific
pairs, in addition to homophilic interactions. Three
distinct specificity groups emerge from our analysis
with members that share highly similar heterophilic
binding patterns and favor binding to one another.
Structures of adhesive fragments from each speci-
ficity group confirm near-identical dimer topology
conserved throughout the family, allowing interface
residues whose conservation corresponds to speci-
ficity preferences to be identified. We show that tar-
geted mutation of these residues converts binding
preferences between specificity groups in biophysi-
cal and co-culture assays. Our results provide a
detailed understanding of the type Il cadherin inter-
action map and a basis for defining their role in tissue
patterning and for the emerging importance of their
heterophilic interactions in neural connectivity.

INTRODUCTION

Vertebrate classical cadherins are a family of calcium-
dependent cell adhesion receptors whose selective interactions
are critical for morphogenesis, patterning, and maintenance of
solid tissues including the CNS, in which they contribute to neural
circuit assembly, axon guidance, and synapse formation and
plasticity (Basu et al., 2017; Hirano and Takeichi, 2012; Redies
et al., 2012; Williams et al., 2011). All are single-pass transmem-
brane proteins with extracellular regions composed of five
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successive extracellular cadherin (EC) repeats and intracellular
regions containing binding sites for the adaptor proteins
a-catenin, B-catenin, and p120 catenin, which link adhesion
mediated by the extracellular regions to the actin cytoskeleton
(Brasch et al.,, 2012; Hirano and Takeichi, 2012). Classical
cadherins can be divided into type | cadherins, comprising E-,
N-, P-, R-, and M-cadherin, and type Il cadherins, which
comprise a separate subfamily of thirteen members: cadherin-6
to cadherin-12, cadherin-18 to cadherin-20, cadherin-22,
cadherin-24, and a divergent member, vascular endothelial
(VE)-cadherin (Brasch et al.,, 2011). While the molecular
interactions of type | cadherins have been well characterized,
the larger type Il cadherin subfamily is comparatively less
understood.

Individual type Il cadherins are differentially expressed in the
CNS (Hirano and Takeichi, 2012), often with expression of
distinct subsets demarcating specific subregions, as observed
in the visual system (Duan et al., 2014), hippocampus (Basu
et al.,, 2017; Bekirov et al., 2002), and spinal cord (Demireva
et al.,, 2011; Patel et al., 2006; Price et al., 2002). In functional
studies, single and double type Il cadherin knockout mice
show a variety of distinct non-lethal phenotypes relating to cell
targeting and synaptic function in the CNS and to morphogen-
esis in other tissues. These phenotypes include failure of a sub-
set of retinal ganglion cells to innervate their target neurons
(Cdh6~'~ mice) (Osterhout et al., 2011), reduction of high-
magnitude long-term potentiation (LTP) in the hippocampus
(Cdh9~~, Cdh10~~, Cdh6~'~, and Cdh10~'") (Basu et al.,
2017), impaired targeting of bipolar cells in the retina (Cdh8~/~
and Cdh9™") (Duan et al., 2014), and impaired synaptic
coupling in cold-sensitive sensory neurons (Cdh8~/7) (Suzuki
etal., 2007), and, outside the CNS, delayed kidney development
(Cdh6~7) (Mah et al., 2000) and reduction of bone density
(Cdh11~/7) (Kawaguchi et al., 2001). In addition, in vivo misex-
pression studies demonstrate that expression of specific com-
plements of type Il cadherins in individual neurons directs their
sorting into segregated populations in the developing chicken
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Table 1. Kp for Homodimerization of Type Il Cadherin Wild-Type,
Chimera, and Mutant Protein Fragments Determined by
Analytical Ultracentrifugation. See also Table S2.

Cadherin Kp (1M) Description

Cadherin-6 3.1 +£0.12° wild-type

Cadherin-9 17.0+ 1.1°  wild-type

Cadherin-10 42.2 +2.7°  wild-type

Cadherin-8 15.0 + 0.4° wild-type

Cadherin-11 33.8 + 0.2° wild-type

Cadherin-24 8.2+0.3 wild-type

Cadherin-7 32.2+0.8 wild-type

Cadherin-12 8.3+1.6 wild-type

Cadherin-18 16.8 £ 0.2  wild-type

Cadherin-20 9.3+0.6 wild-type

Cadherin-22 3.9+0.2 wild-type
cad-6gc111eco 5.6 +0.2 chimera cad-6gc111gca
cad-11gc16gco 15.6 £ 0.9 chimera cad-11gc16gco
Cadherin-6 Y20L 9.63 + 1.3 specificity mutant
H97Q (LQ)

Cadherin-6 M3V Y20L 6.73 + 0.8  specificity mutant
H97Q E89P (VLQP)

Cadherin-11 L20Y Q97H (YH) 11.1 £2.1  specificity mutant
Cadherin-11 V3M L20Y 8.2+0.8 specificity mutant

Q97H P89E (MYHE)

2Errors are the SD from two or more experiments.
PPreviously reported in Harrison et al. (2010).
®Previously reported in Brasch et al. (2011).

spinal cord and mouse telencephalon (Inoue et al., 2001; Patel
et al., 2006; Price et al., 2002).

The molecular interactions of type Il cadherins underlying
these complex behaviors are not yet fully defined. Structural
studies of cadherin-8, cadherin-11, and cadherin-20 and the
divergent member VE-cadherin have revealed that type Il cad-
herins form strand-swapped adhesive dimers between their
membrane-distal EC1 domains, in which N-terminal 8 strands
are reciprocally exchanged (Brasch et al., 2011; Patel et al.,
2006). This strand exchange is anchored by docking of two
conserved tryptophan residues, Trp2 and Trp4, into a hydropho-
bic pocket in the partner EC domain, with additional interactions
contributed by a hydrophobic patch at the base of the domain
(Patel et al., 2006), except in the case of VE-cadherin, which
lacks these additional hydrophobic interactions (Brasch et al.,
2011). Individual type Il cadherins share this canonical interface
but show selectivity in their binding interactions. In in vitro cell
aggregation assays, type Il cadherins mediate both homophilic
adhesive interactions between cells expressing identical cad-
herins and selective heterophilic interactions between cells
expressing different cadherins (Nakagawa and Takeichi, 1995;
Patel et al., 2006; Shimoyama et al., 1999, 2000). Type Il cadher-
ins frequently show partially overlapping, though distinct,
expression patterns in vivo, and there is evidence that both types
of interaction contribute to their roles in cell sorting and targeting
(Basu et al., 2017; Duan et al., 2014; Inoue et al., 2001; Osterhout
et al., 2011; Patel et al., 2006; Price et al., 2002; Williams et al.,

2011). Biological roles for type Il cadherin heterophilic interac-
tions have emerged from in vivo studies of cadherin-8 and
cadherin-9 in the mouse retina (Duan et al., 2014) and cad-
herin-6, cadherin-9, and cadherin-10 in the mouse hippocampus
(Basu et al., 2017). However, the precise molecular binding
preferences underlying type Il cadherin function remain to be
fully determined.

Here, we use a comprehensive biophysical approach to
quantitatively analyze homophilic and heterophilic binding inter-
actions of type Il classical cadherins. We find that heterophilic
interactions among different cadherins are highly selective
and are frequently preferred over homophilic interactions. Three
distinct specificity groups emerge from our analysis, within
which closely related cadherins preferentially interact and exhibit
highly similar overall patterns of heterophilic binding preferences
unique to each group. Based on these observations, we examine
structural and sequence conservation of the adhesive interface
between specificity groups, determine crystal structures of ad-
hesive regions of cadherins from previously unrepresented
groups, and identify critical specificity residues that can convert
binding preferences between groups in biophysical and cell
culture experiments.

RESULTS

Homophilic Binding Affinities of Type Il Cadherin
Adhesive Fragments

We used a bacterial expression system to produce soluble EC1-
EC2 adhesive fragments of mouse classical type Il cadherin-6,
cadherin-7, cadherin-9, cadherin-10, cadherin-11, cadherin-
12, cadherin-18, cadherin-20, and cadherin-22 and EC1-EC3
fragments of cadherin-8 and cadherin-24, because the latter
were unstable as shorter fragments. These represent all mem-
bers of the classical type Il cadherin family except for cad-
herin-19, for which a stable protein could not be produced,
and the divergent member VE-cadherin, whose characterization
we reported previously (Brasch et al., 2011). Table 1 lists homo-
philic binding affinities determined by sedimentation equilibrium
analytical ultracentrifugation (AUC) analysis of the eleven type Il
cadherins produced here. All formed homodimers in solution,
and fitting of the data to a monomer-dimer equilibrium model
yielded dissociation constant (Kp) values in the low micromolar
range, from 3.1 to 42.2 pM. Within this range, five cadherins
show relatively tight binding affinities with Kp values below
10 uM, three cadherins have intermediate affinities in the 10-
30 uM range, and three have weak affinities above 30 uM. Cad-
herins with similar homodimerization strengths do not share the
highest sequence identity. For example, cadherin-6 and cad-
herin-10 share the highest amino acid sequence identity (84%
over EC1-EC2) but lie at each extreme of the Kp range, while
cadherin-6 and cadherin-22 share only 61% sequence identity
yet have nearly identical homophilic affinities.

Heterophilic Interactions Identify Distinct Type II
Cadherin Specificity Groups

Type |l cadherins have been shown to exhibit both homophilic
and heterophilic binding behavior in cell aggregation studies
(Nakagawa and Takeichi, 1995; Patel et al., 2006; Shimoyama
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Figure 1. SPR Analysis of Heterophilic Interactions of Type Il Cadherins

Profiles of type Il cadherin analytes (shown in columns) binding over individual surfaces of cadherin-8 (top row), cadherin-11, cadherin-6, cadherin-9,
cadherin-10, cadherin-12, cadherin-20, cadherin-18, cadherin-22, and cadherin-7 (bottom row). Analytes were tested at 12, 6, and 3 uM monomer concen-
trations over each surface as shown in each panel. Responses were normalized to account for the molecular weight variations of the different cadherin analytes.
The normalized responses in each row (corresponding to the responses over a surface) are scaled independently, allowing quantitative comparison across rows
only. Specificity groups identified based on binding preferences (see text) are boxed in blue for the cadherin-8 and cadherin-11 specificity group; in red for the
cadherin-6, cadherin-9, and cadherin-10 specificity group; and in green for the cadherin-12, cadherin-18, cadherin-20, cadherin-22, and cadherin-7 specificity
group. Cys-tagged cadherins were immobilized at a free monomer concentration of 60 M, corresponding to 4,673 response units (RU) for cadherin-6, 945 RU
for cadherin-7, 1,006 RU for cadherin-8, 2,174 RU for cadherin-9, 546 RU for cadherin-10, 990 RU for cadherin-11, 3,784 RU for cadherin-12, 1,112 RU for
cadherin-18, 1,283 for cadherin-20, and 3,651 RU for cadherin-22. See also Figure S1 and Table S2.

etal., 1999, 2000) and in vivo (Basu et al., 2017; Duan et al., 2014;
Inoue et al., 2001; Osterhout et al., 2011; Patel et al., 2006; Price
et al., 2002; Williams et al., 2011). However, a comprehensive
quantitative analysis of all heterophilic binding interactions in
the family has not been reported. We therefore aimed to delin-
eate the heterophilic binding behavior using surface plasmon
resonance (SPR) to measure binding for all cognate pairs. In
these experiments, each cadherin adhesive fragment was cova-
lently coupled to a sensor chip surface by thiol coupling of an en-
gineered C-terminal cysteine residue (Cys tag) to present func-
tional EC1 domains in a favorable orientation for interaction. All
Cys-tagged proteins were analyzed by AUC, confirming homo-
philic binding affinities are broadly similar to those of the un-
tagged proteins (Table S1). Untagged cadherin-6 through cad-
herin-12, cadherin-18, cadherin-20, and cadherin-22 adhesive
fragments were passed over each surface, and homophilic and
heterophilic binding responses were recorded for all combina-
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tions to provide a comprehensive SPR matrix of all potential in-
teractions (Figure 1). As expected, homophilic binding interac-
tions were observed for each cadherin tested (Figure 1,
diagonal) and dissociation rates varied up to 6-fold among cad-
herins (Table S2). In addition to these homophilic responses, all
cadherin surfaces supported significant levels of heterophilic
binding to selective subsets of cadherin family members (Fig-
ure 1, rows). Response levels for the strongest heterophilic inter-
actions for each surface were comparable to or exceeded those
of the respective homophilic interactions, suggesting functional
significance. Homophilic binding was favored over all other het-
erophilic interactions for only two cadherins: cadherin-6 and
cadherin-20 (Figures 1 and S1). Heterophilic binding affinities
could not be determined from the SPR data due to competing
homodimerization of surface and analyte cadherins (Katsamba
etal., 2009); nevertheless, relative binding strengths could be as-
sessed by comparing response levels over the same surface



(Figure 1, rows). Based on the precise pattern of binding prefer-
ences observed for each cadherin, the type Il cadherin family can
be divided into three distinct specificity groups. Within these
three groups, members share nearly identical binding profiles:
they bind heterophilically to the same set of cadherins (Figure 1,
compare rows) and show a preference for interactions within the
same group (Figure 1, boxes).

Cadherin-8 and cadherin-11 comprise one such specificity
group and display clear preference for heterophilic binding
to each other over all other cadherins (Figure 1, top rows).
The cadherin-8 surface supported heterophilic binding of
cadherin-11 as the strongest observed interaction, followed by
homophilic binding of the cadherin-8 analyte (Figure 1, top
row). All other analytes bound at very low levels: cadherin-20
and cadherin-18 bound weakly, while cadherin-6, cadherin-9,
and cadherin-10, as well as cadherin-7, cadherin-12, and
cadherin-22, did not show binding above background levels.
A similar binding pattern was observed for the cadherin-11
surface, with heterophilic binding of cadherin-8 comprising
the strongest response, followed by homophilic binding
and comparatively lower binding to all other analytes,
including modest levels of binding to cadherin-12, cadherin-20,
cadherin-18, and cadherin-22 (Figure 1, second row).

Cadherin-6, cadherin-9, and cadherin-10 define a second
specificity group whose members share closely similar binding
profiles (Figure 1). On surfaces coated with cadherin-6,
cadherin-9, or cadherin-10, binding of cadherin-6 analyte showed
the strongest response, followed by binding of cadherin-9 and
cadherin-10. No binding of cadherin-8 and cadherin-11 was
observed on any of the three surfaces, while the remaining
cadherins, cadherin-12, cadherin-20, cadherin-18, cadherin-22,
and cadherin-7, showed intermediate binding comparable to
that of the cadherin-10 analyte.

The third specificity group comprises cadherin-12,
cadherin-20, cadherin-18, cadherin-22, and cadherin-7 (Fig-
ure 1). These cadherins showed generally strong binding
responses to one another (Figure 1, green box); intermediate
binding to the cadherin-6, cadherin-9, and cadherin-10 speci-
ficity group; and no strong binding responses to cadherin-8
and cadherin-11. Cadherin-7 binding responses as an analyte
were lower overall than those of other members in this group
(Figure 1, right column), but the binding profile of cadherin-7
was close to those of cadherin-12, cadherin-18, cadherin-20,
and cadherin-22 (Figure 1, bottom row).

To determine whether heterophilic interactions between type Il
cadherins form through the same strand-swap binding mecha-
nism shown to mediate homophilic interactions (Figure 4) (Patel
et al., 2006), we tested the effects of ablating this interface in
SPR (Figure 2). As expected, alanine substitution of Trp4, which
anchors the strand-swap dimer, ablated homophilic binding of
cadherin-6, cadherin-8, and cadherin-11 in SPR and AUC (Fig-
ure 2, W4A mutants) (Table S1) and also abolished heterophilic
binding between all cognate pairs (Figure 2). In addition, muta-
tion of the X-dimer interface (M188D) in cadherin-6, which was
previously shown to be a necessary binding intermediate for ho-
mophilic interactions (Harrison et al., 2010), resulted in severely
diminished heterophilic binding of cadherin-6 M188D mutant to
cadherin-9 and cadherin-10 (Figure 2A). Residual heterophilic

binding between cadherin-6 M188D and cadherin-9 was
abolished in a double mutant, in which both strand-swap and
X-dimer interfaces were mutated (Figure 2A, W4A M188D
mutant). Altogether, these data confirm that homophilic and het-
erophilic binding interactions in the type Il cadherin family form
through the same adhesive interfaces.

Specificity Groups Correspond to Branches of the Type
Il Cadherin Phylogenetic Tree

To compare the relative strengths of heterophilic interactions
across the type Il cadherin family, values derived from normal-
ized responses for each interaction in our SPR matrix were
used to weight a force-directed interaction network (Figure 3A).
Cadherins linked closely in the network reflect strong binding in-
teractions (e.g., cadherin-18 and cadherin-22), while cadherins
linked distantly in the network reflect weak or background-level
binding interactions (e.g., cadherin-8 and cadherin-9). As
expected, three discrete clusters emerge from the binding
network, which are consistent with the specificity groups we
identified earlier based on qualitative comparison of our SPR
traces (Figure 1).

We next investigated whether cadherins belonging to the three
specificity groups in SPR share other characteristics. The groups
derived purely from the binding data correspond closely to the
phylogenetic grouping generated from alignment of sequences
of adhesive EC1 and EC2 regions (Figure 3B). This suggests
that type Il cadherins bind to, and share binding preferences
with, family members that are closely related phylogenetically. In
particular, cadherin-8 and cadherin-11 are more distantly related
to the other members of the type Il cadherin family (Figure 3B),
which is reflected in their binding preferences. Cadherin-24, which
was excluded from SPR analyses due to solubility problems
(Experimental Procedures), is also likely to share binding prefer-
ences with cadherin-8 and cadherin-11, because it belongs to
the same phylogenetic branch. The divergence of the cadherin-6,
cadherin-9, and cadherin-10 group and the cadherin-8 and
cadherin-11 group extends to the sequence of their cytoplasmic
domains (Nollet et al., 2000; Sotomayor et al., 2014), suggesting
the possibility of differences in downstream events upon binding.

The clustering of cadherins into specificity groups is also
partially reflected in their chromosomal locations. Genes encod-
ing the closely related cadherin-8 and cadherin-11 are located
close together in mouse chromosome 8, human chromosome
16, and chicken chromosome 11 (Nollet et al., 2000). Similarly,
cadherin-6, cadherin-9, and cadherin-10 are clustered on the
same chromosome in mouse (chromosome 15), human (chro-
mosome 5), and chicken (chromosome 2). Together with the
phylogenetic data, these observations suggest that type Il
cadherins sharing similar binding preferences are likely to have
diverged most recently during evolution.

Crystal Structures of Type Il Cadherins Show Highly
Conserved Dimer Topology across All Specificity

Groups

To investigate the molecular basis of grouped specificity
behavior observed in SPR, we set out to compare homodimer
structures of representative type Il cadherins. We have previ-
ously reported crystal structures of adhesive fragments of
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Figure 2. Effects of Binding Interface Mutations on Homophilic and Heterophilic Binding

(A) SPR binding responses of wild-type cadherin-6 and its respective strand-swap mutant (W4A), X-dimer interface mutant (M188D), and a double mutant
containing both mutations injected over wild-type cadherin-6 surfaces (top row), cadherin-9 surfaces (middle row), and cadherin-10 surfaces (bottom row).

(B and C) (B) Wild-type cadherin-8 and strand-swap mutant cadherin-8 W4A and (C) cadherin-11 and strand-swap mutant cadherin-11 W4A were injected over
wild-type cadherin-8 surfaces (top row) and cadherin-11 surfaces (bottom row). Responses for each surface are scaled independently.

cadherin-8, cadherin-11, and cadherin-20 representing two
members of the cadherin-8/11 group and a single member of
the cadherin-7/12/18/20/22 group (Figure 3B) (Patel et al.,
2006). To extend structural coverage to include multiple repre-
sentatives for all specificity groups, we have now determined
crystal structures of EC1-EC2 adhesive fragments of cadherin-
6 and cadherin-10 belonging to the previously uncharacterized
cadherin-6/9/10 group and of cadherin-7 and cadherin-22 from
additional sub-branches of the cadherin-7/12/18/20/22 speci-
ficity group (Figures 3B and 4).

Crystals of cadherin-6, cadherin-7, cadherin-10, and
cadherin-22 diffracted to between 1.7 and 2.7 A resolution (Table
S3), and structures were solved by molecular replacement. Each
cadherin structure adopted an extended conformation rigidified

1844 Cell Reports 23, 1840-1852, May 8, 2018

by coordination of three calcium ions in the interdomain linker re-
gions and formed strand-swapped homodimers (Figure 4A), as
was observed for cadherin-8, cadherin-11, and cadherin-20 in
the past (Patel et al., 2006). In each dimer, reciprocal exchange
of A strands between EC1 domains is anchored by docking of
Trp2 and Trp4 residues into a hydrophobic pocket of the partner
molecule, bringing strands A, B, and G into intermolecular con-
tact (Figure 4B). Further buried surface area is contributed by
the BC loop of domain EC2, which packs against strands B
and E of the partner EC1 domain in all four dimer structures (Fig-
ure 4A, arrows).

Superposition of these new structures with previously deter-
mined type Il cadherin homodimer structures reveals that the
overall dimer topology, including the angle between partner
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Figure 3. Biophysically Identified Heterophilic Binding Specificity Groups Correspond to Branches of the Phylogenetic Tree
(A) Force-directed binding network of type Il cadherin heterophilic interactions weighted by binding responses derived from SPR experiments (Experimental
Procedures). Nodes represent individual cadherins colored by specificity group; edges represent heterophilic binding interactions, with length inversely

proportional to binding strength.

(B) Phylogram of the type Il cadherin family computed from alignment of amino acid sequences of adhesive EC1 and EC2 domain regions using a maximum
likelihood method. Branches of the phylogenetic tree are colored according to specificity group. Symbols indicate cadherins for which structures of the adhesive
interface are reported in this work (asterisk), or in Patel et al. (2006) (plus sign) and Brasch et al. (2011) (dagger).

EC1 domains, is essentially identical across members of all three
specificity groups (root-mean-square deviation [RMSD] < 0.9 A
between 145 and 185 aligned carbon alpha [Cz] atoms per
dimer) (Figure 4B). Because of this shared topology, identical
regions of the EC1 A, B, and G strands contact one another in
all type Il cadherin dimers. While the interface is dominated by
docking of Trp2 and Trp4 into the partner hydrophobic pocket
formed by residues from the B, C, F, and G strands, additional
and mostly hydrophobic contacts form between paired A
strands and between the B and the A or G strands, extending
the dimer interface over the whole face of the domain in all
structures.

Specificity Determinants in the Type Il Cadherin
Adhesive Interface

Structural conservation of the type Il cadherin adhesive interface
across all branches of the family suggests that subtype-specific
differences in structurally equivalent interfacial residues could
govern binding preferences. Because we observe binding within
specificity groups that is favored over binding between groups,
residues in the interface with group-specific conservation may
be particularly important. We aligned amino acid sequences of
type Il cadherin EC1 domains from mouse, human, and chicken
and examined sequence conservation both within and across
specificity groups. Figure 4C shows a sequence logo represen-
tation calculated separately for each specificity group. Interfacial
residues derived from all available crystal structures were map-
ped onto the sequences to identify conserved and variable re-
gions of the interface (Figure 4C, magenta bars). Most interface
residues are fully conserved, or conserved in consensus, across
the type Il cadherin family and comprise the core of the strand-
swap interface, including residues of the exchanged A strands,
the acceptor pocket, and most of the hydrophobic patch toward
the base of the domain (Figures 4C—4E, gray shading). Positions

of variable residue identity, in which consensus residues differ
between at least two specificity groups, are restricted to ten
residues at the periphery of the interface and define two distinct
regions (Figures 4C-4E, highlights). First, the lower part of the
interface is encircled by variable residues contributed by the
base of the A strand (L/V9, L/V/I10), the base of the B strand
(Q/L/V/I19, Y/L20, K/R23), the E strand (D/N56), and the base
of the G strand (I/V96, H/Q97). Second, the upper periphery
of the interface contains two group-specific residues, namely,
M/V3 in the A strand and E/P89 at the top of the G strand.
Within the ten variable interface residues, five are not fully
conserved within each respective specificity group and thus
are less likely to underlie shared group binding behavior (Figures
4C-4E, green highlighting). The remaining five residues show
perfect conservation within each specificity group while differing
between at least two groups (Figures 4C-4E, blue highlighting),
strengthening their candidacy as specificity determinants.
Most strikingly, residues Y/L20 and H/Q97 form three distinct
group-specific interaction pairs in the adhesive homodimer
structures (Figure 4F). In cadherin-6 and cadherin-10 structures,
Tyr20 and His97 are closely apposed and engage in near-parallel
m-t-stacking interactions at a distance of approximately 3.3 A
(Figure 4F, left). In the cadherin-7, cadherin-20, and cadherin-22
homodimers, Tyr20 and GIn97 are also apposed and likely
engage in van der Waals interactions between the amino group
of GIn97 and the tyrosine ring (Burley and Petsko, 1986). In the
cadherin-8/11 group, Leu20 and GIn97 are in proximity, but
they do not interact closely. These subgroup-specific pairwise
interactions appear to be likely to contribute to the restricted
binding preferences observed in SPR. The remaining residues
showing strict group-specific conservation, M/V3 and L/V9 in
the A strand and E/P89 at the top of the G strand, forming the
rim of the pocket, do not form such interacting pairs with each
other or with any other potential specificity determining residues
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Figure 4. Crystal Structures of Type Il Cadherin Homodimers and Analysis of Specificity Determinants

(A) Ribbon representation of strand-swapped EC1-EC2 homodimer structures of cadherin-6, cadherin-10, cadherin-7, cadherin-22, and chimera cad-11gc16gco-
Three Ca®* ions (green spheres) are coordinated by interdomain linker regions of each protomer.

(B) Superposition of EC1 homodimers reported here and in Patel et al. (2006) shown as carbon-o. traces superposed over the left protomer. Docked strand-swap
residues Trp2 and Trp4 are shown in stick representation.

(C) Sequence logos of aligned EC1 regions of type Il cadherins from human, mouse, and chicken (Experimental Procedures) separated into specificity groups.
Positions containing, or flanked by, interface residues (marked by magenta bars above alignment) are shown in bold and colored according to conservation.

(legend continued on next page)
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but instead contact fully conserved residues (Figures 4C—4E).
Nonetheless, they could contribute to specificity indirectly
through effects on neighboring residues or by overall effects
on the shape of the interaction surface.

Targeted Mutation of Group-Specific Interface Residues
Converts Binding Preferences in SPR

We investigated whether these group-specific residues
governed binding preferences in SPR. We first introduced point
mutations at positions 20 and 97, which form distinct interacting
pairs at the interface in each specificity group (Figure 4F). For
these experiments, we chose cadherin-6 from the cadherin-6/
9/10 group and cadherin-11 from the cadherin-8/11 group,
because these groups show clearly distinguishable binding pref-
erences in SPR (Figure 1). Tyr20 and His97 in cadherin-6 were
substituted with the corresponding Leu20 and GIn97 residues
from cadherin-11 (cadherin-6 LQ mutant) and the reverse substi-
tutions were made in cadherin-11 (cadherin-11 YH mutant).
Binding of mutants was tested against wild-type proteins in
SPR (Figure 5A). As described earlier, cadherin-6 binds selec-
tively to cadherin-6, cadherin-9, and cadherin-10 surfaces but
does not bind to cadherin-8 and cadherin-11 surfaces (Figure 5A,
left). Over the same set of surfaces, cadherin-6 LQ mutant dis-
played decreased binding to the cadherin-6, cadherin-9, and
cadherin-10 surfaces but concomitantly increased binding to
cadherin-8 and cadherin-11 surfaces (Figure 5A), consistent
with conversion of overall specificity. Corresponding behavior
was observed for the cadherin-11 YH mutant, which compared
to wild-type cadherin-11, showed dramatically decreased bind-
ing to members of the same specificity group (cadherin-8
and cadherin-11) with concomitantly increased binding to
cadherin-6, cadherin-9, and cadherin-10 (Figure 5A). Our
results are consistent with a decisive role for residues 20 and
97 as specificity determinants in the cadherin-6/9/10 specificity
group and the cadherin-8/11 specificity group.

Because binding responses of the cadherin-6 LQ and
cadherin-11 YH mutants were lower than those of the target
wild-type proteins, we tested whether conversion of additional
group-specific residues enhanced changes in binding prefer-
ence. We mutated the group-specifically conserved surface
residues M/V3 and E/P89 in cadherin-6 LQ and cadherin-11
YH mutants to generate quadruple mutants cadherin-6
VLEQ and cadherin-11 MYPH. In SPR, cadherin-11 MYPH
mutant showed a similar conversion of binding preferences
to the double mutant, but with additional enhancement of re-
sponses to cadherin-6, cadherin-9, and cadherin-10 (Fig-
ure 5A). Similarly, cadherin-6 VLEQ showed enhanced binding
to the opposite specificity group in comparison to the cad-
herin-6 LQ double mutant, though in this case binding was
also increased over same specificity group surfaces (Fig-

ure 5A). Because both quadruple mutants enhanced binding
to the opposite specificity group, our data suggest that M/
V3 and E/P89 contribute modestly to specificity, at least in
combination with residues L/Y20 and H/Q97. To interconvert
all 37 non-identical EC1 residues between cadherin-6 and
cadherin-11, we also prepared chimeric proteins cad-
Bec111eco (Cad-6/11) and cad-11gc16eco (Cad-1 1/6) We
confirmed the fidelity of these chimeric proteins in AUC (Table
1) and by structural analysis of cad-11gc16eco (Figure 4A,
right). As expected, both formed homophilic dimers, and the
structure confirmed the cad-11gc16gc2 homodimer arrange-
ment to be nearly identical to that of wild-type cadherin-11.
In SPR experiments, these chimeric proteins closely mimicked
the binding behavior of the wild-type proteins from which their
EC1 domains derived (Figure 5B), confirming that complete
interconversion of binding behavior can be observed when
sufficient residues are changed and that all specificity deter-
minants are restricted to EC1. Thus, our data suggest that res-
idues 20 and 97, and to a lesser extent, residues 3 and 89, are
major specificity determinants with other variable interface
residues in EC1, likely contributing indirectly to precise bind-
ing specificities.

Localization of Full-Length Type Il Cadherins to
Heterotypic Cell Contacts Depends on Specificity
Determinants

To relate our biophysical observations for adhesive fragments
and their mutants to the behavior of full-length proteins at cell-
cell contact sites, we examined localization of fluorescently
labeled type Il cadherins in transfected A431D cells (Figures 6
and S2). Full-length cadherin-8 and cadherin-11, as well as
cadherin-6 and cadherin-10, representing pairs from distinct
specificity groups, were labeled at their C termini with either
red fluorescent mCherry, or green fluorescent Dendra2. These
were transfected singly into A431D cell lines that were then co-
cultured to allow formation of homotypic cell contacts between
cells of the same cell line and heterotypic contacts between cells
from different cell lines. When combinations of cadherins from
the same specificity group, cadherin-8 and cadherin-11 or
cadherin-6 and cadherin-10, were co-cultured, both cadherins
co-localized at heterotypic contact sites, in addition to the
respective homotypic sites, consistent with heterophilic binding
observed for these pairs in SPR (Figures 6B and 6E, arrow-
heads). In marked contrast, co-culture of cells expressing
mismatched cadherin-6 and cadherin-11 or cadherin-8 and cad-
herin-10 from different specificity groups produced heterotypic
cell contact sites devoid of cadherins, which accumulated only
at homotypic sites (Figures 6C and 6E). Lastly, a homophilic
pair, cadherin-11-dendra and cadherin-11-cherry, localized
equally to homotypic and heterotypic contacts (Figure 6A,

Cyan: residues fully conserved within but different between specificity groups. Green: residues differing between specificity groups but not fully conserved within
each. Gray: positions with identical conserved consensus residues across all specificity groups. Secondary structure elements of cadherin-6 are shown above

the logos. Pocket residues are indicated with P.

(D) Surface representation of EC1, with interface residues colored according to (C). Salmon: partner protomer in ribbon representation.
(E) Interface residues, colored according to (C), shown as sticks in a superposition of EC1 domain structures. The main chain ribbon is shown only for cadherin-6.
(F) Potential specificity determinants (magenta) shown as sticks on superposed EC1 domain homodimers for members of each specificity group. Trp2 and Trp4

are shown for orientation.
See also Table S3.
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Figure 5. Mutational Analysis of Type Il Cadherin Specificity Using SPR
(A) SPR responses of wild-type or specificity mutants of cadherin-6 and cadherin-11 (columns) passed over wild-type cadherin-6, cadherin-9, cadherin-10,

cadherin-8, and cadherin-11 surfaces (rows).

(B) Chimeric proteins cad-6gc111ec2 and cad-11gc16gc2 passed over the same surfaces reproduce the binding characteristics of the wild-type proteins with

corresponding EC1 domains.

All mutant and chimeric proteins retained homophilic binding in AUC (Table 1).

arrowheads), reflecting uniform homophilic interactions. The
cell-adhesive behavior of these full-length wild-type proteins
thus closely mirrors binding preferences observed in biophysics.
We also tested our quadruple specificity mutants in co-culture
assays with full-length cadherin-6 and cadherin-11 (cadherin-6
VLEQ and cadherin-11 MYPH). Compared to wild-type protein,
localization of cadherin-11 MYPH mutant to heterotypic cell-
cell contacts with cadherin-8 (compare Figures 6B and 6G) or
cadherin-11 (compare Figures 6A and 6F) from the same speci-
ficity group was ablated or dramatically reduced (Figure S2). At
the same time, cadherin-11 MYPH mutant strikingly co-localized
with cadherin-6 from the opposite specificity group (compare
Figures 6C and 6H), showing a significant shift in overall binding
preference (Figures 6 and S2). Similar behavior was observed for
mutant cadherin-6 VLEQ, which acquired strong co-localization
with cadherin-11 from the opposite specificity group (compare
Figures 6C and 6l), while co-localization with cadherin-10 was
concomitantly decreased (compare Figures 6E and 6J). Behavior
of these mutants shows that conversion of four residues be-
tween specificity groups produces a shift of binding preferences
sufficient to convert adhesive specificity between cells.

DISCUSSION

Type Il cadherins represent a large family of adhesion proteins
with overlapping differential expression patterns and diverse

1848 Cell Reports 23, 1840-1852, May 8, 2018

functional roles, presenting a challenge in relating their molecular
and functional properties. The comprehensive matrix of binding
interactions determined here reveals that all type Il cadherins
tested participate both in homophilic and heterophilic interac-
tions that are of comparable strengths. Heterophilic interactions
are not promiscuous: each member of the family binds to a
specific subset of other members with characteristic relative
response levels. These subsets and responses are shared
among multiple cadherins, giving rise to three distinct specificity
groups: cadherin-6, cadherin-9, and cadherin-10; cadherin-8
and cadherin-11; and cadherin-7, cadherin-12, cadherin-18,
cadherin-20, and cadherin-22. Heterophilic interactions form
among all members within each specificity group, and
weaker heterophilic interactions form between the cadherin-6/
9/10 group and the cadherin-7/12/18/20/22 group, while the
cadherin-8/11 group is more isolated (Figure 1). Within groups,
individual cadherins are nonetheless distinguished by widely
differing homodimerization affinities (Table 1) and dissociation
rates (Table S2).

We observe consistent specificity behavior between SPR
experiments with purified adhesive fragments and cellular co-
culture experiments with full-length proteins (Figures 1 and 6).
Our results are also in agreement with previous co-culture exper-
iments testing other pairings from the cadherin-6/9/10 specificity
group (Basu et al., 2017) and with cell-cell aggregation assays
using transfected human and chicken type Il cadherins (Basu
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Fluorescence images of co-cultures of A431D cells transfected with full-length type Il cadherins tagged with either cherry (red) or dendra (green) in the com-

binations indicated.

(A-E) Wild-type cadherin-11/-11 (A), cadherin-8/-11 (B), cadherin-6/-11 (C), cadherin-8/-10 (D) and cadherin-6/-10 (E) localize to homotypic and heterotypic

contact sites according to their binding preferences.

(F-J) Mutations targeting specificity determinants alter localization of mutant cadherin-11 with cadherin-11 (F), cadherin-8 (G) and cadherin-6 (H) and of mutant
cadherin-6 with cadherins-11 (I) and cadherin-10 (J). Compare panels linked with arrows. Heterotypic contact sites are delimited by arrowheads at top and bottom.

Scale bar, 50 um. See also Figure S2.

et al.,, 2017; Nakagawa and Takeichi, 1995; Patel et al., 2006;
Shimoyama et al., 1999, 2000). In a broad cell aggregation study
using a range of human type Il cadherins, selective co-aggrega-
tion of a number of specific cadherin pairs was observed (Shi-
moyama et al., 2000), representing a subset of the heterophilic
binding pairs we observe in SPR. Heterophilic pairs only
observed in SPR were either not tested in the co-aggregation
study (all interactions involving cadherin-20 and cadherin-22)
(Figure 1) or did not produce detectable co-aggregation, likely
due to differences in assay sensitivity and variable cadherin
expression levels in transfected cells. Nonetheless, observation
of closely similar specificity preferences across multiple assay
systems and species supports the biological relevance of the
type Il cadherin adhesive interaction map determined here.

By sequence analysis, we identified potential N-linked
glycosylation sites at Asn202 for cadherin-6, cadherin-9,

cadherin-10, cadherin-12, cadherin-18, and cadherin-20; poten-
tial N-linked glycosylation sites at Asn127 for cadherin-8; and no
sites in cadherin-7, cadherin-11, cadherin-22, and cadherin-24.
Mapping the sites onto type Il cadherin structures reveals
Asn127 and Asn202 to be located on the B and G strands of
EC1, respectively, distal from adhesive sites. Together with
close correlation of binding preferences observed between
SPR and cell-based experiments, this suggests that absence
of glycosylation in the bacterially produced adhesive fragments
is unlikely to affect interaction behavior of type Il cadherins, as
we have observed previously for adhesive regions of VE-
cadherin (Brasch et al., 2011).

Type Il family members cadherin-19, cadherin-24, and VE-
cadherin were excluded from our SPR experiments. Of these,
cadherin-24 is predicted to be part of the cadherin-8/11 speci-
ficity group, based on its position in the phylogenetic tree and
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conservation of potential specificity residues Val3, Leu20, Pro89,
and GIn97 (Figures 3 and 4). Cadherin-19 cannot be assigned to
one of the specificity groups identified here based on sequence
information, because it contains unique residues at putative
specificity sites 20 and 97 and lacks conservation of invariant
residues Arg5 and GIn6 in the swapped A strand. Based on these
observations, we predict that cadherin-19 is unlikely to engage in
heterophilic binding with other members of the type Il cadherin
family, though this remains to be tested. As reported previously,
the structure and interface characteristics of the VE-cadherin ho-
modimer are divergent from, and likely incompatible with, those
of other members of the type Il cadherin family, consistent with
its specialized biological role (Brasch et al., 2011).

Consistent with the extensive heterophilic interactions
observed for type Il cadherins, the structure and topology of their
adhesive homodimers are nearly identical and residues medi-
ating the core interactions of strand swapping are conserved
(Figure 4). The observations that heterophilic and homophilic in-
teractions are formed through the same interface (Figure 2) and
that phylogenetically related cadherins maintain heterophilic
recognition (Figure 3) suggest that divergence of a common
binding mechanism gave rise to the selective heterophilic inter-
actions we observe. In the most extreme cases, the interfaces
of cadherin-8 and cadherin-11 appear to have diverged suffi-
ciently to become incompatible with all other members of the
family, particularly the cadherin-6/9/10 group (Figure 1). Variable
residues are restricted to the periphery of the interface, and only
a small number of these show group-specific conservation. In a
previous study, we postulated that some of these variable resi-
dues could be specificity determinants (Patel et al., 2006). How-
ever, identification of specificity groups and determination of
structures of multiple members of each have allowed us to iden-
tify the variable residues most likely to contribute to overall spec-
ificity preferences (Figure 4). Targeted mutations identified posi-
tions 20 and 97, a group-specific apposed pair in the strand-
swapped dimer, as major determinants of the incompatibility be-
tween the cadherin-6/9/10 group and the cadherin-8/11 group
(Figures 5 and 6). These same residues could in principle explain
the distinct specificity of the cadherin-7/12/18/20/22 group;
however, because they are partially shared with the cadherin-
6/9/10 group and the cadherin-8/11 group, it is likely that other
variable residues also contribute. The residues tested by muta-
tion only partially account for differences in homophilic binding
affinity and subtle differences in heterophilic binding responses
of individual members in each group, which can be converted
more substantially by exchange of EC1 domains in chimeric pro-
teins (Figure 5) (Patel et al., 2006).

Binding interactions have been comprehensively determined
for a limited number of other adhesion protein families within
the cadherin and immunoglobulin (Ig) superfamilies. Close corre-
spondence has been consistently observed among molecular
binding affinities, behavior in cell aggregation assays, and phe-
notypes in vivo and has revealed a range of overall binding
characteristics that differ from those observed here for type I
cadherins. Like type Il cadherins, clustered protocadherin and
Dscams families share a canonical adhesive interface; however,
they uniformly favor homophilic interactions in cell aggregation
experiments, likely reflecting selection pressure for homophilic
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binding by their biological roles in neuronal identity and self-
recognition (Goodman et al., 2016; Hattori et al., 2008; Rubin-
stein et al., 2017; Thu et al., 2014). Nectins and SynCAMs, fam-
ilies of vertebrate Ig-like proteins, are able to form both homo-
philic and heterophilic binding interactions through canonical
interfaces as observed for type Il cadherins (Fogel et al., 2007;
Harrison et al., 2012; Narita et al., 2011). However, in both cases,
heterophilic interactions are strongly preferred, correlating with
primary biological functions in heterotypic adhesion (Takai
et al., 2008). Desmosomal cadherins also show a strong prefer-
ence for heterophilic binding (Harrison et al., 2016), although the
biological role of this preference remains to be determined. Bind-
ing characteristics of type Il cadherins are partially reminiscent of
those of their close relatives: type | cadherins. These display a
mixture of homophilic and specific heterophilic binding in SPR
experiments (Katsamba et al., 2009; Vendome et al., 2014), but
in standard cell aggregation assays, type | cadherin heterophilic
pairs form only partially mixed aggregates (Katsamba et al.,
2009; Shan et al., 2000) and do not fully intermix, as was
observed for a number of type Il cadherin pairs (Patel et al.,
2006; Shan et al., 2000; Shimoyama et al., 1999, 2000). The
extensive selective heterophilic binding of type Il cadherins, in
combination with their differential homophilic affinities (Table
1), in which neither type of interaction is dominantly preferred,
may allow them to encode subtle differences in adhesiveness
to drive fine sorting events within generally cohesive tissues.
For heterophilic pairs that co-localize to heterotypic junctions
in our co-culture assays, homophilic junctions in the same cells
do not appear depleted of the respective cadherins (Figure 6).
Therefore, in tissues co-expressing multiple type Il cadherins,
we would expect both types of interaction to contribute to adhe-
sive identity of individual cells.

Biological roles for homophilic interactions of type |l cadherin-6,
cadherin-7, and cadherin-20 have been suggested by misexpres-
sion studies in the developing chicken spinal cord, chicken optic
tectum, and mouse telencephalon (Inoue et al., 2001; Patel
et al.,, 2006; Price et al., 2002; Treubert-Zimmermann et al.,
2002). Experimental equalization of type Il cadherin complements
of normally segregated tissues led to mis-sorting or mistargeting
of neurons into compartments expressing matching cadherins.
Similarly, homophilic binding of cadherin-6 and cadherin-9 appear
to be required for targeting of retinal ganglion cells in the mouse
visual system (Osterhout et al., 2011) and for formation and differ-
entiation of mossy fiber synapses in the hippocampus (Williams
et al., 2011). While these studies do not exclude the potential
involvement of heterophilic interactions, homophilic adhesion pro-
vides a parsimonious explanation for the observed phenotypes.

Biological roles for heterophilic binding of type Il cadherins
have emerged only recently. In mouse retina, targeting of
cadherin-8-expressing type 2 bipolar cells (BC2s) and cadherin-
9-expressing type 5 bipolar cells (BC5s) to distinct sublaminae
of the inner plexiform layer (IPL) depended critically on their
respective cadherin identities (Duan et al., 2014). However, sur-
rounding cells of the target sublaminae do not express these cad-
herins, and targeting of BC2s and BC5s expressing ectopic cad-
herin-8 or cadherin-9 is maintained even in cadherin knockout
backgrounds, ruling out dependence on homophilic interactions
(Duan et al., 2014). These data suggest heterophilic interactions



of cadherin-8 and cadherin-9 with partner cadherins in the target
layers, though the exact complement of type Il cadherins in the
IPL remains to be determined. The mouse hippocampus provides
a clearer example of in vivo function driven by heterophilic interac-
tions (Basuetal., 2017). High-magnitude LTP in the stratum oriens,
where hippocampal CA3 neurons synapse with basal dendrites of
CA1 neurons, depends on presynaptic cadherin-9 expressed only
in CA3 neurons and on postsynaptic cadherin-6 and cadherin-10
expressed only in CA1 neurons. Knockout of either cadherin-9
alone or both cadherin-6 and cadherin-10 produces identical phe-
notypes, in which high-magnitude LTP is impaired (Basu et al.,
2017). Because each cadherin is restricted to one side of the syn-
apse, these findings implicate heterophilic interactions within the
cadherin-6/9/10 specificity group in functioning of this neural cir-
cuit. Further functional roles for the range of selective heterophilic
interactions we identify here await determination.

Specific functions of individual type Il cadherins may be
masked by functional redundancy partly because of their
frequently overlapping expression patterns and partly because
of the shared binding preferences we observe for members of
each specificity group. An example of this type of redundancy
was observed in the mouse hippocampal circuit described
previously: single knockout of cadherin-10 alone maintained
wild-type levels of high-magnitude LTP, which was impaired
only when cadherin-6 and cadherin-10 were knocked out
together (Basu et al., 2017). This is likely because cadherin-6
could substitute for cadherin-10 in the single knockout to bind
heterophilically to cadherin-9. Surprisingly subtle phenotypes
have been observed for numerous single type Il cadherin knock-
outs (Basu et al., 2017; Duan et al., 2014; Kawaguchi et al., 2001;
Mah et al., 2000; Osterhout et al., 2011; Saarimaki-Vire et al.,
2011; Suzuki et al., 2007), despite their strong expression in
the CNS, and these could be similarly explained by functional
substitution by other cadherins belonging to the same specificity
groups. Knockout of complete specificity groups should reveal
additional functional roles for type Il cadherins. Our analysis of
specific binding patterns of type Il cadherins and their segrega-
tion into distinct specificity groups provide a basis for further
investigation of their biological roles.

EXPERIMENTAL PROCEDURES

Protein Expression and Purification

Recombinant type Il cadherin ectodomain fragments were expressed in bac-
teria and purified from lysate by nickel affinity chromatography, ion exchange
chromatography, and gel filtration.

Biophysical Analyses

AUC experiments were performed at 25°C in a Beckman XL-A/I analytical ul-
tracentrifuge with UV detection. For SPR, Cys-tagged proteins were captured
by thiol coupling to CM4 sensor chips, and binding of analytes was assessed in
a Biacore T100 biosensor at 25°C.

Structure Determination

Protein crystals were grown by vapor diffusion in hanging drops in the condi-
tions listed in the Supplemental Experimental Procedures. X-ray diffraction
data were collected from single crystals at 100 K, using a wavelength of
0.979 A at the X4 beamlines at Brookhaven National Laboratory. Structures
were solved by molecular replacement and refined using phenix (Adams
et al., 2010).

Co-culture Assays

Full-length cadherins with C-terminal dendra2-Myc-or mCherry-FLAG tags in
the vector pRc/CMV were transfected into human A-431D cells, and co-
cultures were analyzed by fluorescence microscopy as described previously
(Hong et al., 2010).

DATA AND SOFTWARE AVAILABILITY

The accession numbers for the atomic coordinates of mouse cadherin-6 EC1-
EC2, cadherin-7 EC1-EC2, cadherin-10 EC1-EC2, and cadherin-22 EC1-EC2,
as well as chimera cad-11gc16gco, reported in this paper are PDB: 6CGU,
6CGS, 6CG6, and 6CG7, and 6CGB, respectively.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental Procedures,
two figures, and three tables and can be found with this article online at
https://doi.org/10.1016/j.celrep.2018.04.012.
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Figure S1. SPR analysis of heterophilic binding interactions of type Il cadherins. Overlaid binding

responses of each of the ten type Il cadherin analytes shown in Fig.1 at 12uM over surfaces of

cadherin-8 (top left), cadherin-11, cadherin-6, cadherin-9, cadherin-10, cadherin-12, cadherin-20,

cadherin-18, cadherin-22 and cadherin-7 (bottom right).
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Supplementary Figure 2. Quantitation of full-length type Il cadherin localization at homotypic
and heterotypic contact sites between transfected A431D cells in co-culture. (A) Fluorescence
images showing separate red and green channels for co-cultures of transfected A431D cells
displayed as combined images in Figure 6. Scale bar 50um. (B) Mean ratios of red fluorescence at
homotypic versus heterotypic contact sites calculated from three measurements for each co-culture.

Error bars: standard error. *=p<0.05, **=p<0.01, ***=p<0.001 from unpaired Student’s t-test.

Figure S2



Table S1: Dissociation constants (K,) for homodimerization of type Il cadherin CYS-tagged wild-type
and mutant protein fragments determined by analytical ultracentrifugation. Compare to wild-type

measurements presented in Table 1.

Cadherin Kp[uM] Description
Cadherin-6 CYS-tag 3.6 £0.52 Wild-type
Cadherin-7 CYS-tag 19.6 £0.6 Wild-type
Cadherin-8 CYS-tag 19.6 +2.4 Wild-type
Cadherin-9 CYS-tag 7.8+14 Wild-type
Cadherin-10 CYS-tag 40.2 £5.7 Wild-type
Cadherin-11 CYS-tag 19.2 +4.6 Wild-type
Cadherin-12 CYS-tag 42 +1.8 Wild-type

Cadherin-18 CYS-tag 16.7 £1.9 Wild-type
Cadherin-20 CYS-tag 144 +1.3 Wild-type
Cadherin-22 CY S-tag 5.0+1.0 Wild-type
Cadherin-6 W4A 321+0.5b Strand-swap mutant
Cadherin-6 M188D 12.6+0.5b X-dimer mutant
Cadherin-6 W4A + M188D Monomer® Double interface mutant
Cadherin-8 W4A Monomer Strand-swap mutant

a Errors indicate data range from two or more experiments.
b previously published in Harrison et. al. (2010)



Table S2: Dissociation rates (k,) for homodimerization of type |l cadherins derived from homophilic
binding responses shown in Figure 1 and Figure S1.

protein ky(s™)
Cadherin-6 0.0415
Cadherin-9 0.215
Cadherin-10 0.0444

Cadherin-8 0.116
Cadherin-11 0.106

Cadherin-7 0.0657
Cadherin-12 0.235
Cadherin-18  0.0620
Cadherin-20  0.0675
Cadherin-22  0.0236



Table S3: Crystallographic data collection and refinement statistics for crystal structures
presented and analyzed in Figure 4.

Cadherin-6 EC1-2
mouse

Cadherin-7 EC1-2
mouse

Cadherin-10 EC1-2
mouse

Cadherin-22 EC1-2
mouse

Cadherin-11gc1/6gc2
chimera

mouse
Data collection
SpaCe group C2221 P2:2:24 P4,2:2 P2, 1212124
Cell dimensions
a, b, c(A) 114.35, 141.65, 142.20  58.304, 82.431,93.546  87.38, 87.38, 67.68 50.26, 45.077, 128.054  53.62, 81.08, 166.29
a, B,y (°) 90, 90, 90 90, 90, 90 90, 90, 90 90, 92.253, 90 90, 90, 90

Resolution (A)

Rsym or Rmerge

ol

Completeness (%)
Redundancy

Refinement
Resolution (A)
No. reflections
Rwork/ Rfree
No. atoms
Protein
Ligand/ion
Water
B-factors
Protein
Ligand/ion
Water
R.m.s deviations
Bond lengths (A)
Bond angles (°)
Ramachandran
Favored (%)
Allowed (%)
Outliers (%)
PDB Accession Code

40-1.90 (1.97-1.90)

0.066 (0.553)
23.8 (2.6)
100 (99.9)
5.2 (4.7)

20-1.90
90099
0.1611, 0.2009

6617
14
1231

41.25
34.57
47.69

0.003
0.652

96.7
3.3

0
6CGU

40-1.7 (1.78-1.7)

0.07 (0.656)
27.33 (2.9)
99.8 (99.6)
7.4 (7.1)

20-1.7
48271
0.1598, 0.1991

3383
18
680

23.91
34.73
33.28

0.009
1.300

98.9
1.1

0
6CGS

45-2.70 (2.83-2.70)

0.123 (1.041)
11.7 (2.1)
99.9 (100.0)
8.5 (8.6)

20-2.70
7545
0.2358, 0.2853

1632
18
26

73.83
66.32
52.39

0.002
0.487

96.6
3.4

0
6CG6

30-2.70 (2.80-2.70)

0.046 (0.496)
22.7 (1.8)
98.3 (94.0)
4.1 (3.4)

20-2.70
15707
0.2261, 0.2772

3211
6
1"

84.72
59.02
56.94

0.003
0.525

97.3
2.7

0
6CG7

30-3.00 (3.18-3.00)

0.124 (1.766)
14.8 (1.9)
99.9 (99.9)
7.7 (7.8)

20-3.00
7540
0.2703, 0.3005

1574
19
2

121.81
115.36
112.45

0.004
0.589

91

9

0
6CGB

*Highest resolution shell is shown in parenthesis.



Supplemental Experimental Procedures

Protein production in bacteria

Coding sequences of EC1-2 fragments of mouse cadherin-6, -7, -8, -9, -10, -11, -12, -18,
-20, -22 and EC1-3 fragments of cadherin-8 and -24 encompassing residues 1-207
(EC1-2) or 1-322 (EC1-3) of the mature proteins were amplified by PCR from cDNA
libraries (Clontech). Sequences were cloned in frame with an N-terminal hexa histidine-
tagged SUMO protein into the BamHI/Notl sites of the vector pSMT3. Cleavage of
SUMO-fusion-proteins with Ulp1 (Ubiquitin-like protease 1) after a Gly-Gly motif yields
cadherin proteins with native N-termini. Extra amino acids occurring due to cloning after
the cleavage site were removed by using the QuikChange site directed mutagenesis kit
(Stratagene) to ensure native N-termini of all proteins used in our studies. We introduced
all point mutations in cadherin-6, -8 (EC1-2) and -11 (EC1-2) using the QuikChange

method.

For protein expression, E. coli BL21 DE3 pLysS (NEB) were transformed with each
construct and grown at 37°C shaking at 200 rpm until ODegg reached 0.6. To induce
protein expression, we added 100 uM IPTG and lowered the temperature to 16°C. After
18h bacteria were harvested by centrifugation at 4,000xg for 15 min. Pelleted bacteria
were resuspended in lysis buffer (500 mM NaCl, 20 mM Tris-Cl pH 8.0, 20 mM
Imidazole pH 8.0, 3 mM CaCl,) and lysed for 6 minutes by sonication in 15 second
intervals with 45 seconds rest in between pulsing. Cell debris was pelleted at 4°C and
20,000xg for 1 hour and His-tagged proteins were extracted from cleared lysate by
nickel affinity chromatography using 5 mL nickel charged IMAC Sepharose 6 Fast Flow
resin (GE Healthcare). Beads were subsequently washed with 40 column volumes of
lysis buffer to remove contaminants and His-SUMO-fusion proteins were eluted with

lysis buffer containing 250 mM imidazole. The His-SUMO tag of fusion proteins was



cleaved enzymatically by adding Ulp1 enzyme to a final concentration of 2 ug/mL to the
elution. Proteins were then dialyzed into a low ionic strength buffer (75 mM NaCl, 20 mM
Tris-Cl pH 8.0 and 3 mM CacCl,). We removed cleaved His-SUMO tags and uncut fusion
protein on nickel charged IMAC resin, equilibrated in dialysis buffer. The cadherins were
further purified by anion exchange chromatography (Mono Q 10/10 HR, GE Healthcare)
and size exclusion chromatography (HiLoad 26/60 Superdex 75 for EC1-2 fragments,
Superdex 200 for EC1-3 fragments (GE Healthcare)) leaving them in a final buffer of 150
mM NaCl, 20 mM Tris-Cl pH 8.0 and 3 mM CacCl.. Proteins were concentrated to a final
concentration of approximately 5-10 mg/mL using Amicon Spin concentrators (Millipore)
and flash frozen. Production of mouse cadherins-6 EC1-2, -8 EC1-3, -9 EC1-2, -10 EC1-
2, and -11 EC1-2 and cadherin-6 EC1-2 mutants W4A, M188D and W4A M188D was

also described previously (Brasch et al., 2011; Harrison et al., 2010).

Analytical Ultracentrifugation

Equilibrium analytical ultracentrifugation experiments were performed using a Beckman
XLA/I ultracentrifuge, with a Ti50An or Ti60An rotor. Prior to each experiment, all
proteins were diluted with buffer (150 mM NaCl, 10 mM Tris-Cl pH 8.0, 3 mM CacCl.) and
dialyzed for 16 hours at 4°C in the same buffer. 120 uL of proteins at three different
concentrations 0.65 mg/mL, 0.43 mg/mL and 0.23 mg/mL were loaded into six-channel
equilibrium cells with parallel sides and sapphire windows. We performed all
experiments at 25°C and collected UV data at 280 nm, using dialysis buffer as blank.
Three-domain proteins were spun for 20 hours at 8740xg and four scans (1 per hour)
were collected, speed was increased to 14160xg for 10 hours and four scans (1 per
hour) were collected, speed was increased to 20880xg for 10 hours and four scans (1
per hour) were taken, and finally speed was increased to 28910xg for 10 hours and four

scans (1 per hour) were collected. This yielded 48 scans per sample. Two-domain



proteins were analyzed using the same protocol, except that 16260xg, 26090xg,
38230xg and 52680xg were used, respectively. RCF’s are given at the measuring cell
center at a radius of 65 mm. We calculated the buffer density and protein v-bars using
the program SednTerp (Alliance Protein Laboratories), and analyzed the retrieved data
using HeteroAnalysis 1.1.44 (http://www.biotech.uconn.edu/auf). We fitted data from all
concentrations and speeds globally by nonlinear regression to either a monomer-dimer
equilibrium model or an ideal monomer model. All experiments were performed at least

in duplicate.

SPR binding assays

Binding assays were performed using a Biacore T100 biosensor equipped with a Series
S CM4 chip sensor chip (GE Healthcare). Type Il cadherins were covalently immobilized
over individual chip surfaces using ligand thiol-coupling chemistry of a C-terminal
cysteine in HBS pH 7.4 (10 mM HEPES, 150 mM NacCl), 3 mM CaCl,, at 32°C using a
flow rate of 20 yL/min. During the immobilization reaction, the carboxyl groups on the
sensor chip surface 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. The cadherin to be immobilized was
freshly desalted in 10 mM sodium acetate, pH 4.0 using the Zeba spin desalting columns
(Thermo Scientific) and sequentially injected over the activated surface at 5-25 ug/mL
until the desired 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. Each cys-tagged cadherin ligand was tethered over the dextran layer at

the following densities: 4,673 RU for cadherin-6, 945 RU for cadherin-7, 1,006 RU for



cadherin-8, 2,174 RU for cadherin-9, 546 RU for cadherin-10, 990 RU for cadherin-11,
3,784 RU for cadherin-12, 1,112 RU for cadherin-18, 1,283 for cadherin-20 and 3,651
RU for cadherin-22. An unmodified surface was used as a reference flow cell to subtract

bulk refractive index changes.

Cadherin binding was tested at 25°C in a running buffer of 10 mM Tris-HCI, pH 8.0, 150
mM NaCl, 3mM CaCly, 0.25 mg/mL BSA and 0.005% (v/v) Tween 20. Cadherin analytes
(injected over the immobilized cadherin surfaces) were diluted in running buffer at 3, 6
and 12 yM monomer concentration, which were calculated using the homophilic Kp
values listed in Table 1. Analytes for each concentration series were injected in order of
increasing concentration at 50 yL/min for 60 s followed by a 120 s dissociation phase
and a 60 s buffer wash at the end of the binding cycle. Each series was tested in
duplicate to verify the reproducibility of the assay. Following three sequential cadherin
binding cycles a buffer injection replaced the analyte to double reference the responses
thus removing systematic noise and instrument drift. The binding responses were
processed using Scrubber 2.0 (BioLogic Software). All signals were normalized to
account for molecular weight differences between the three-EC domain cadherin-8 and
the remaining two-EC domain cadherins. Responses for each type Il cadherin analyte

were divided by its own molecular weight and multiplied by a constant (23,000).

Binding network

Heterophilic binding data obtained for each SPR surface was normalized to the highest
recorded binding response on the surface at equilibrium such that the highest binding
interaction received a score of one. Each interaction was recorded twice: once between
cadherin ‘A’ on the surface and cadherin ‘B’ as analyte and second between cadherin ‘B’

on the surface and cadherin ‘A’ as analyte; both binding scores for each interaction were



summed. The combined scores were then used to weight a force-directed network using

the program Cytoscape (Shannon et al., 2003).

Phylogenetic Tree

The amino acid sequences encompassing EC1-2 of all mouse type Il cadherins were
used to produce a multiple sequence alignment with the program Muscle. A phylogenetic
tree was generated from this alignment using the maximum likelihood method with the
program PhML, and the tree was rendered using the program TreeDyn via the

phylogeny.fr server (Dereeper et al., 2008).

Crystallization and Structure Determination

Crystals of EC1-2 adhesive fragments of mouse cadherin-6, -7, -10, -22 and cadherin-
11ec16ec2 chimera were grown using the vapor diffusion method with 1-2 pyL hanging
drops at 4°C (cadherin-7) or 22°C (all others). Crystallization conditions were: 18.5 %
(w/v) polyethylene glycol (PEG) 3,350, 0.2 M sodium acetate, 30 % (v/v) ethylene glycol
cryo-protectant for cadherin-6 EC12; 21.5 % (w/v) PEG 6,000, 0.1 M MES pH 5.6, 1 M
lithium chloride, 30 % (v/v) glycerole cryo-protectant for cadherin-7; 6 % (v/v) 2-propanol,
0.1 M MES pH 6.0, 0.2 M calcium acetate, 30 % (v/v) ethylene glycol cryo-protectant for
cadherin-10; 17 % (v/v) PEG6000, 0.1 M HEPES pH 7.0, 5% ethylene glycol, 30 % (v/v)
ethylene-glycol cryo-protectant for cadherin-22; and 4M sodium chloride, 0.1 M sodium
acetate pH 5.5, 30 % (v/v) glycerol cryo-protectant for cadherin-11gc16ec2 chimera. Cryo-
protection was performed by brief immersion of the crystal prior to flash freezing in well

solution, supplemented with the indicated cryo-protectant.

Data were collected from single frozen crystals at 100K using a wavelength of 0.979 A at

the X4A and X4C beamlines of the National Synchrotron Light Source, Brookhaven



National Laboratory. Data were processed using XDS (Kabsch, 2010) and merged with
the aimless program (Evans and Murshudov, 2013) of the ccp4-suite (Winn et al., 2011).
Structures were solved by molecular replacement using Phaser (McCoy et al., 2007)
within the Phenix suite (Adams et al., 2010). Mouse cadherin-6 EC1-2 W4A (3LND) was
used as a search model for cadherin-6 EC1-2 and cadherin-6 was then used as a
search model for all other structures. Separate search models were used to solve the
cadherin-11gc16ec2 chimera (EC1 from 2A4C, EC2 from cadherin-6 EC1-2 wt). Structure
refinement was performed by manual model building in Coot (Emsley et al., 2010) with
automated refinement using phenix.refine (Afonine et al., 2012). Non-crystallographic
symmetry restraints were used for the first 5-8 rounds of refinement for structures
containing more than one molecule per asymmetric unit (cadherin-6, -7, -22).
Translation-libration-screw (TLS) parameters were refined for cadherin-6 and cadherin-
11ec16ec2 chimera with EC1 and EC2 domains defined as separate TLS groups in

phenix.refine. Data collection and refinement statistics are summarized in Table S3.

Sequence Analysis

Amino acid sequences of human, mouse and chicken cadherin-6, -9, -10, -11, -12, -18, -
20 and -22, and human and mouse cadherin-24 were obtained from uniprot and aligned
using MultAlin (Corpet, 1988) over their mature EC1 domains (residues 1-98). Sequence
Logo representations were produced separately for each specificity group from the
sequence alignment using the WebLogo server (Crooks et al., 2004). To define interface
regions in all type Il cadherin crystal structures, residues with at least 5 % of their
accessible surface area buried in each dimer were identified using PISA (Krissinel and
Henrick, 2007). Residue positions buried in at least half of the available biological dimer

structures were defined as interface in the sequence alignments.



Co-culture assays

Full-length sequences encoding mouse cadherins-6, -8, -10 and -11 were cloned in
frame with C-terminal dendra2-Myc-or mCherry-Flag tags into the Geneticin-resistant
mammalian expression vector pRc/CMV (Invitrogen). Transfection, growth, and
immunofluorescence microscopy of transfected human A-431D cells were performed as
described (Hong et al., 2010). After selection for Geneticin-resistance, cells were sorted
for transgene expression by FACS, and only moderate-expressing cells were used in co-
culture experiments. For quantitation, the co-cultures grown on coverslips were fixed and
red-fluorescence signals of cells with both homotypic and heterotypic contacts were
measured independently for each type of cell-cell contact using regions of 4 x 10 ym
placed along the cell-cell contact line. The background fluorescence taken from the area
adjacent to the cell-cell contact zone of the same cell was subtracted. Resulting values
for homotypic contacts were divided by two, since red-fluorescent cadherins are equally
contributed by both contacting cells. Ratios of homotypic over heterotypic red-
fluorescence are displayed in Figure S2. Three measurements were performed for each

co-culture and the most representative cells were selected.
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