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Type I cadherin cell-adhesion proteins are similar in sequence and
structure and yet are different enough to mediate highly specific
cell–cell recognition phenomena. It has previously been shown
that small differences in the homophilic and heterophilic binding
affinities of different type I family members can account for the
differential cell-sorting behavior. Here we use a combination of
X-ray crystallography, analytical ultracentrifugation, surface plas-
mon resonance and double electron-electron resonance (DEER)
electron paramagnetic resonance spectroscopy to identify the
molecular determinants of type I cadherin dimerization affinities.
Small changes in sequence are found to produce subtle structural
and dynamical changes that impact relative affinities, in part via
electrostatic and hydrophobic interactions, and in part through
entropic effects because of increased conformational heterogene-
ity in the bound states as revealed by DEER distance mapping in
the dimers. These findings highlight the remarkable ability of evo-
lution to exploit a wide range of molecular properties to produce
closely related members of the same protein family that have
affinity differences finely tuned to mediate their biological roles.
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In metazoans, the elaboration and maintenance of multicellular
architectures relies upon the ability of cells to specifically ad-

here to one another. Cadherins constitute a superfamily of single-
pass transmembrane proteins that can confer such specific
adhesive properties to cells (1). In particular, the classical type I
and type II cadherins, which are only found in vertebrates and
are characterized by an extracellular region comprised of five
extracellular cadherin (EC) domains, have been shown to help
drive cell-patterning behavior in numerous settings: for example,
in morphogenesis (2–4) and in neural patterning (5, 6). Cells ex-
pressing the same classical cadherin on their surface generally
aggregate through homophilic interactions, whereas cells ex-
pressing different cadherins segregate into distinct layers that, in at
least some instances, remain in contact with each other through
heterophilic binding (7–9).
Cell adhesion by classic cadherins is mediated by the dimerization

of cadherin extracellular domains emanating from apposed cell
surfaces through an interface confined to the N-terminal EC1 do-
main (Fig. 1A). Numerous crystal structures have revealed the
atomic details of the trans (i.e., between cells) dimerization interface
for three type I cadherins: C-, E-, and N-cadherins (10–13). In all
three cases, the dimer partner molecules swap their N-terminal
β-strand (the A*-strand), whose conserved Trp2 residues provide an
“anchor” for the adhesive interface by docking into a complemen-
tary hydrophobic pocket in the partner protomer (Fig. 1A). A sec-
ond dimerization interface that can form in the trans orientation has
been observed in crystal structures of mutants of both type I and
type II classical cadherins. Specifically, numerous mutations that
disrupt strand-swapping in E-cadherin result in the formation
of a distinct, lower-affinity homodimer—called the X-dimer
because of its appearance—with a binding interface localized

around the Ca2+-binding interdomain linker region between EC1
and EC2 (14–16) (Fig. 1B). It has been demonstrated that for
E-cadherin this interface functions as a kinetic intermediate in
the formation of the strand-swapped dimer (16–18) (Fig. 1B).
There is a considerable body of evidence demonstrating that

the adhesive properties of cells reflect the binding properties of
the cadherin molecules they express, and that these properties
depend critically on the strand-swapped interface (11, 19–22).
Despite their homotypic cell-sorting behavior, biophysical studies
with purified cadherin ectodomains have shown that cadherins
bind both homophilically and heterophilically (9, 23, 24). For the
case of E- and N-cadherins, which have slightly different homo-
philic dimerization free energies, −6.25 kcal/mol for N-cadherin
and −5.47 kcal/mol for E-cadherin, the binding free energy as-
sociated with heterophilic N-/E-dimerization is intermediate be-
tween these two homophilic values (9). We showed that this
combination of homophilic and heterophilic molecular binding
affinities predict the observed cell sorting behavior of N- and
E-cadherin–expressing cells (9). The link between molecular and
cellular behavior depends on the formation of multiple dimers at
the contact surface between two adhesive cells, which amplifies
the small affinity differences at the level of single molecules (25).
It thus appears that subtle differences in the sequence and
structure of type I cadherins can have profound effects on cellular
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behavior, but the molecular origins of these differences have not
yet been determined.
Elucidating the source of about 1 kcal/mol difference in bind-

ing free energy between two very similar molecules poses a chal-
lenging problem. Strand-swapping makes the problem even more
complicated because it is not possible to deduce the binding-
affinity determinants from the crystal structures of the binding
interfaces alone. This is because an important consequence of
β-strand swapping, or more generally of 3D domain swapping, is
that each interaction that stabilizes the dimeric conformation is
also formed intramolecularly in the “closed monomer” confor-
mation (where the N-terminal strand is bound by its own proto-
mer rather than swapping with a partner molecule). As a result, to
a first approximation, interactions formed in the dimer must be
broken in the monomer so that the net dimerization free energy is
a result of subtle differences between very similar energetic terms
(25). We recently found that one source of dimerization energy
difference between the swapped dimer and the monomer state of
E-cadherin is conformational strain in the A*/A-strand (Fig. 1A) in
the monomer that is not present in the dimer, thus favoring di-
merization (26). This mechanism is likely relevant for N-cadherin
as well (27).
Here we report studies aimed at understanding the relationship

between the sequences, structures, and dimerization free energies
of type I classical cadherins. We report four new crystal structures
of adhesive EC1–EC2 fragments: the P-cadherin swapped dimer,
a mutant N-cadherin that reveals its X-dimer structure, and two
affinity-mutants of N-cadherin. We use analytical ultracentrifuga-
tion (AUC) to quantify the homophilic binding affinities for each
type I cadherin, surface plasmon resonance biosensor analysis
(SPR) to characterize heterophilic binding between type I cadherin
pairs, and double electron-electron resonance (DEER) electron
paramagnetic resonance (EPR) experiments to characterize dimer
interactions and dynamics in solution. The combined AUC and
SPR measurements provide a nearly complete interaction matrix
for this important family of cell-adhesion proteins, and the X-ray
and DEER data make it possible to interpret the affinity mea-
surements in structural and dynamical terms. Our study demon-
strates how multiple biophysical and structural approaches can be

used in concert to address mechanistic questions that are not an-
swerable with a more limited repertoire of technologies. Impor-
tantly, this process clarifies design principles in the type I cadherin
subfamily and, in addition, reveals remarkable examples of the
fine-tuning of binding specificities for closely related proteins. In
this regard, a particularly novel finding is that individual cadherins
appear to exist as an equilibrium ensemble of multiple conforma-
tional states and that the entropic contribution of this dynamic
behavior may have important effects on binding affinities and
consequently on cell adhesive specificity.

Results
Homophilic and Heterophilic Binding Affinities of Type I Cadherins. A
phylogenetic tree of type I cadherin EC1 recognition domain
sequences reveals two main branches; one containing N- and
R-cadherins (henceforth referred to as N-like for convenience of
presentation), and a second including E-, C- (E-like), and the
more distantly related P-cadherin (28) (Fig. 2A). All sequences
are from mouse, with the exception of C-cadherin, which is
unique to Xenopus. Nevertheless, C-cadherin clearly groups with
E-cadherin. P-cadherin, although closer to E- and C-cadherin in
the phylogenetic tree, matches N- and R-cadherin at some res-
idue positions (Fig. 2 A and B). M-cadherin has a lower sequence
similarity with the other type I cadherins and stands on its own
on a separate branch.
We produced type I cadherin EC1–EC2 ectodomain fragments

of mouse E-, N-, R-, and P-cadherins, and Xenopus C-cadherin,
using a bacterial expression system. As described in previous
work (9), we measured homophilic interactions for each purified
cadherin fragment using AUC and heterophilic interactions using
SPR. We have combined these results to produce a relative KD
scale for type I cadherins (Fig. 2C). AUC results reveal that N- and
R-cadherins each have relatively low homodimerization KDs, 25.8
and 13.7 μM, respectively, whereas E- and C-cadherin have sig-
nificantly higher homophilic KDs, 96.5 and 126.7 μM, respectively.
Although closer in sequence to E- and C-cadherin, P-cadherin has
a homophilic binding affinity of 30.9 μM, similar to that of N- and
R-cadherin. AUC measurements for the complete ectodomain
of mouse M-cadherin corresponding to EC1–EC5 revealed a

Fig. 1. Trans-dimerization of type I classical cadherins.
Protomers emerging from apposed cells are shown
in blue and orange, and calcium ions are shown as
green spheres. (A) Schematic illustration of type I
classical cadherin trans dimer on cell membranes.
Extracellular regions dimerize through an interface
located in their EC1 domain in which the N-terminal
β-strands are swapped, and Trp2 from each proto-
mer is docked in its partner’s hydrophobic pocket
(expanded view, PDB ID code 2QVF). The A* strand,
which consists of the first three residues in the se-
quence and swaps during dimerization, and the A
strand, which consists of the last four residues (7–10)
in the first β-strand, are indicated. (B) Reaction
scheme showing the X-dimer acting as a kinetic in-
termediate during the formation of the strand-
swapped dimer, in E-cadherin. In the X-dimer (PDB
ID code 1FF5), Trp2 is docked in its own protomer’s
hydrophobic pocket. (C) Schematic illustration of
positions of key mutations investigated in this work.
They are present on both protomers, but for clarity
are shown on one protomer only. The X-dimer–
incompetent mutation is indicated in olive (Right);
mutations that directly disrupt the strand-swap in-
terface are indicated in pink, those that line the
floor of the tryptophan pocket in teal, and those
that affect the electrostatic potential at the swap
interface are in dark blue (Left).
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homophilic dimerization KD of 83.1 ± 4.2 μM, but the EC1–EC2
fragment was not stable in solution.
SPR data confirmed the AUC results that N- and R-cadherins

have strong homophilic interactions (Fig. 2C and Fig. S1). N-
and R-cadherins have strong mutual heterophilic binding, and
also bind heterophilically with E- and C-cadherins but with
lower binding strength. In contrast to N- and R-, the strongest
interactions of E- and C-cadherins are heterophilic (with N-
and R-cadherins) rather than homophilic (Figs. 2C and Fig. S1).
Overall, N- and R-cadherins are found at the high-affinity end of
the scale for both homophilic and heterophilic interactions,
whereas E- and C-cadherins are at the low-affinity end of the
scale for both types of interactions. Notably, in contrast to its
location on the phylogenetic tree, P-cadherin has a homo-
philic binding affinity in the range of the N-like cadherins,
whereas heterophilically it shows no interaction with N- and
R-cadherins but binds weakly to E- and C-cadherins at the con-
centrations tested.

Structural Differences Among the Strand-Swapped Interfaces of Type
I Cadherins. The crystal structure of an EC1–EC2 ectodomain
fragment of mouse P-cadherin at 3.2 Å resolution (Fig. S2 and
Table S1) forms, as expected, a strand-swapped dimer similar to
other type I cadherin adhesive regions. Comparison between
type I cadherin EC1–EC2 crystal structures for C-, N-, E-, and now
P-cadherins reveals that although the individual EC1 domains su-
perimpose quite well (Cα rmsd of EC1 domains < 0.9 Å), in E-like
cadherin dimers, and in P-cadherin, the angle between the long axes
of the interacting EC1 domains is larger than that in corresponding
N-cadherin structures by ∼10° (85° in E-, 89° in C-, 83° in P-, and
76° in N-cadherin) (Fig. 3A, Fig. S3, and Table S2).
Further analysis of type I cadherin crystal structures offers

a potential explanation for this difference. At each swapped in-
terface, residues 2–5, 22, 24, 78, and 92 form a large hydrophobic
cluster (Fig. 3 B–D). Residues 78 and 92, located on the floor of
the Trp2 pocket, are subtype-specific: residue 78 is Ala in N-like
cadherins and Ser in E-like cadherins, whereas residue 92 is Ile
in N-like cadherins and Met in E-like cadherins and in P-cadherin.

Fig. 2. Sequence comparison of type I classical cadherins and scale of relative binding affinities. (A) Phylogenetic tree (obtained with the PhyML method; see
Materials and Methods) of classical cadherins based on the EC1 domain sequences of mouse E-, P-, N-, R-, and M-cadherin, and Xenopus C-cadherin. (B) Sequence
alignment of EC1 and EC2 domains. Subtype-specific residues are highlighted in red and blue, and conserved residues in gray. The swapped- and X-dimer interfaces are
marked by black (above sequence) and green (below sequence) bars, respectively, when crystal structures are available. Positions of the β-strands are indicated by the
arrows above the sequence. (C) Scale of homophilic and heterophilic binding affinities. Homophilic binding affinities, determined by AUC, are given as KD below the
axis. Heterophilic interactions are indicated above the axis, and their specific order along the axis indicates their relative binding affinities, determined by SPR. In
the case of the R/N, N/C, and C/E interactions, the relative order was not possible to fully determine, and larger boxes indicate the range of possible affinities. The
interactions are colored according to whether they are among E-like cadherins (in orange), among N-like cadherins (in blue), or across subtypes (in green).
Interactions involving P-cadherin are not colored.
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To probe the structural role of positions 78 and 92, we deter-
mined the crystal structure of the EC1–EC2 domain region of
the N-cadherin A78S I92M double-mutant at 3.2 Å resolution
(Table S1). (We were unable to crystallize the corresponding
E-cadherin S78A M92I double-mutant). The mutant N-cadherin
structure reveals a normal strand-swapped dimer arrangement.
However, as can be seen in Fig. 3A and Table S2, the EC1–EC1
dimer angle in the double N-cadherin mutant (84°) is much
closer to that of E-cadherin than to wild-type N-cadherin. These
results suggest that the presence of larger residues at positions 78
and 92 interferes with N-like packing at the swapped interface,
leading to an increase of the dimer angle to become E-like.
The effect of positions 78 and 92 on binding affinities is in-

triguing. The E-cadherin S78AM92I mutant has a KD of 23.8 μM
as opposed to 96.5 μM in wild-type (Table 1), so that changing
these two residues transforms E-cadherin into a protein with much
stronger N-like homophilic affinity. Surprisingly, the reciprocal
mutations in N-cadherin (i.e., N-cadherin A78S I92M), rather than
weakening the binding to mimic E-cadherin, actually increase the
binding affinity of N-cadherin from a KD of 26.8 μM in wild-type to
4.0 μM in the double-mutant (Table 1). Single-site mutants confirm
this overall behavior that appears due primarily to position 92
(Table S3). Residue 78 has a slight effect on KDs: an alanine in this
position makes the binding slightly tighter in each case.
In an attempt to relate the role of positions 78 and 92 on binding

affinities, we note that the total surface area buried in the interface
is ∼1,800 Å2 for all crystal structures that have been determined
(Table S2) but the buried hydrophobic area is significantly larger for
N-cadherin (∼1,200 Å2) than for E-, C-, and P-cadherin (∼1,000 Å2).
Differences in hydrophobic packing are evident in Fig. 3 B and C.
However, it is necessary to consider the closed monomer as well
as the swapped dimer if one wishes to relate structural features,
even qualitatively, to binding affinities in domain-swapped pro-
teins. We have built models of the closed monomers for E-, C-,
P-, N-, and A78S I92M N-cadherin (Materials and Methods) and
calculated changes in buried area between closed monomers and
swapped dimers. As can be seen in Table 2, there is some vari-
ability in the increase in buried hydrophobic area upon di-
merization for the wild-type proteins and indeed the strongest
binders (N- and P-) have a greater increase than the weaker ones
(E- and C-). However, the high-affinity N-cadherin A78S I92M
mutant, which has less buried hydrophobic area than N-cadherin
itself, can obviously not be accounted for by this effect. Given this
and the uncertainty associated with the structures of the closed

monomers, which depend on model accuracy, we sought other
explanations of affinity differences. In the next section we con-
sider the possible role of electrostatic interactions.

The Contribution of Polar Interface Residues to Dimerization Affinities.
We analyzed cadherin sequences and structures for subtype-specific
charged residues near the dimer interface. Residue 27 is Asn in
E-cadherin and Asp in N-cadherin, whereas residue 90 is Asp in
E-cadherin and Asn in N-cadherin (Fig. 2B). Switching these
residues between N- and E-cadherin shows that the E-like resi-
dues (Asn27, Asp90) yield tighter binders than the N-like resi-
dues (Asp27, Asn90) in both E- and N-cadherin (Table 1).
Remarkably, the D27N N90D N-cadherin mutant has a KD
that is almost two orders-of-magnitude smaller than wild-type
(0.64 μM vs. KD of 25.8 μM).
In order to determine the relationship between dimer struc-

ture and the effect of charged/polar residues at positions 27 and
90, we made N- and E-cadherins with E-like and N-like struc-
ture-determining pocket residues at positions 78 and 92, and
E-like and N-like polar/ionizable residues at positions 27 and 90,
yielding four different combinations. As can be seen in Table 1,
E-cadherin with N-like polar residues has a weaker KD (factor of
two) than wild-type (compare rows 6 and 1), whereas E-cadherin
with both an N-like conformation and N-like polar residues has
an even weaker KD (factor of five compared to wild-type; com-
pare row 7 to row 1). Seen in another way, comparing rows 7 and
5 reveals that N-like polar residues weaken the KD of E-cadherin
by a factor of two in an E-like conformation (compare rows 6 and
1), but by about a factor of 20 in an N-like conformation (com-
pare rows 7 and 5). A similar trend is observed for N-cadherin.
N-cadherin with E-like polar residues has a KD about 40 times
stronger than wild-type (compare rows 9 and 1), whereas
N-cadherin with an E-like conformation and E-like polar
residues has a KD about six times stronger than wild-type (com-
pare rows 10 and 1). Thus, within the separate sets of E- and
N-cadherin proteins, the highest-affinity homodimerization
was observed for those containing E-like polar residues (N27
D90) and an N-like pocket (A78 I92), whereas the lowest-
affinity binding was observed for those containing N-like polar
residues (D27 N90) and an N-like pocket (A78 I92) (Table 1).
These results strongly suggest that the higher affinity observed for
the N-cadherin pocket mutant A78S I92M relative to wild-type
is a result of more favorable polar interactions in the E-like con-
formation (compare row 8 to row 1 and row 10 to row 9 in Table 1).

Fig. 3. Structural importance of the Trp2 pocket lining residues 78 and 92. (A) Ribbon diagram representation of superposed type I classical cadherins’ strand-
swapped dimers. EC1 domains of the crystal structure of E-cadherin (PDB ID code 2QVF) is shown in orange, N-cadherin wild-type (PDB ID code 2QVI) in blue,
and the N-cadherin double-mutant A78S I92M in salmon. For all dimer structures, only the protomer in the foreground has been superposed. The A-strand of
the other protomer highlights the difference of relative orientation of the two protomers within each swapped dimer. The long axis of each EC1 domain used
to calculate dimer angles (Materials and Methods) is represented. Fig. S3 shows a similar superposition including other available type I cadherin swapped
dimer crystal structures. (B–D) Detailed view of side-chain packing at and around the hydrophobic binding pocket of Trp2 for wild-type N-cadherin (B), wild-
type E-cadherin (C), and N-cadherin A78S I92M double-mutant (D). In each panel, the swapped interface is viewed from the top, as indicated by the arrow at
the top of A. The same crystal structures as in A have been used. The side-chains of residues lining the Trp2 pocket or part of the hydrophobic cluster around it
are shown in Van der Waals sphere representation, except for the two Trp2 that are shown in stick representation for clarity. The only subtype-specific
residues, 78 and 92, are shown in green. Note that the color coding is different from A, as in each dimer one protomer is represented in dark salmon and the
other one in cyan.
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It would be interesting to elucidate the structural basis of these
observations, but reliable calculations would require accurate
structural models of both monomer and dimer conformations and
long simulations of uncertain accuracy. In the absence of this in-
formation, we simply note that the data for both N- and E-cadherin
and their mutants can be consistently explained by assuming that E-
like polar interactions involving residues 27 and 90 are more fa-
vorable than N-like interactions and that the magnitude of these
interactions is greater in N-like conformations. We speculate
that this latter observation may be due to the more open E-like
conformation.
Although our results provide an internally consistent picture

of the effects of these four residues, we remain with the paradox
that mutants of E- and N-cadherin with virtually identical
swapped interfaces consistently exhibit a difference of ∼2 kcal/mol
in binding free energy (compare rows 5, 1, 6, and 7 to rows 9,
10, 8, and 1, respectively, in Table 1). As a next step in un-
derstanding the source of the affinity difference between N- and
E-cadherins, we studied the properties of a second trans binding
interface, the X-dimer (16, 29). Specifically, we asked whether
the X-dimer, which acts as a kinetic intermediate that facilitates
swapped dimer assembly (16), could also play a role in tuning
overall affinities.

X-Dimer Binding Affinities of Type I Cadherins: The N-cadherin X-
Dimer Is Unexpectedly Strong. We have previously shown that all
strand swap-impaired mutants of E-cadherin form a low affinity
X-dimer (Table 1) (16). We produced W2A mutants of the type I
N-, R-, C-, and P-cadherins and determined their homodimeri-
zation affinities by AUC (Table 1). Surprisingly, the W2A
mutants of N- and R-cadherin have affinities similar to those of
the corresponding wild type proteins, whereas homodimerization
of C- and P-cadherin mutants was not detectable. X-dimer–

incompetent K14E or R14E mutants of P-, C-, N-, and R-cadherins
all dimerize with essentially wild-type affinities (Table 1), as we
have previously shown for E-cadherin, indicating that perturbing
the X-interface does not affect dimerization affinity mediated by
the strand-swapped interface (16, 17). The N-cadherin W2A
R14E double-mutant, which cannot form either a swapped- or
X-dimer, is monomeric in AUC (Table 1), showing that di-
merization observed in the W2A mutant is attributable to the
X-dimer interface as was observed for E-cadherin (16). We used
SPR to assess binding of the X-dimer–incompetent R14E mutant
of N-cadherin on a short time scale and found, consistent with
results for E-cadherin, that no binding was detected between
R14E analyte and surface (Fig. S4A). Thus, as for E-cadherin,
the X-dimer of N-cadherin functions as a kinetic intermediate.
Our finding of a high-affinity N-cadherin X-dimer contradicts

previous reports of a weak X-dimer in N-cadherin suggested by
size-exclusion chromatography results (27). To clarify this dis-
crepancy, we produced additional N-cadherin mutants designed
to disrupt the swapping interface (N-terminal DW-deletion,
N-terminal AA-extension, AA-insertion between residues 2 and
3, E89A, and W2F). The KDs of these five mutants are reported
in Table 1. Similar to what we observed for N-cadherin W2A, these
mutations either left the N-cadherin homodimerization affinity
essentially unchanged (DW-deletion and AA-extension) or even
strengthened it (AA-insertion, E89A, and W2F) (Table 1). In ad-
dition, we assessed homodimerization of the N-cadherin W2A
mutant by SPR, which gave results consistent with AUC (Fig. S4B).
We determined a 2.7 Å resolution structure of the N-cadherin

AA-insertion mutant, which reveals a novel dimer structure. The
overall configuration closely resembles that of the E-cadherin
X-dimers, with an rmsd of 1.6 Å when superposed (Fig. 4 A and
B). Notably, this mutant swaps A-strands despite also adopting

Table 1. Dissociation constants (KD) for wild-type and mutant type I cadherins

No. Mutation

KD (μM) and mutant description

E-cadherin N-cadherin C-cadherin R-cadherin P-cadherin M-cadherin

1 Wild-type 96.5 ± 10.6 (9) 25.8 ± 1.5 (9) 126.7 ± 19.7 13.7 ± 0.2 30.9 ± 1.0 83.1 ± 4.2
2 W2A 916 ± 47 (16) 26.9 ± 3.1 Monomer (>1,000) 11.8 ± 0.59 Monomer (>1,000) ND
3 K/R 14E 117 ± 8 (16) 41.4 ± 2.11 122 ± 2.5 10.3 ± 2.25 38.3 ± 2.18 ND
4 W2A, K/R14E Monomer (16) Monomer (16) ND ND ND ND
5 S78A, M92I 23.8 ± 1.6 — N-like Trp2 pocket lining residues
6 N27D, D90N 191 ± 24 — N-like polar residues around Trp2 pocket
7 S78A, M92I, N27D, D90N 506* — N-like polar residues and Trp2 pocket lining residues
8 A78S, I92M — 4.0 ± 1.0 E-like Trp2 pocket lining residues
9 D27N, N90D — 0.64 ± 0.15 E-like polar residues around Trp2 pocket
10 A78S, I92M, D27N, N90D — 3.4 ± 1.94 E-like polar residues and Trp2 pocket lining residues
11 W2A 916 ± 47 (16) 26.9 ± 3.1 Removes swapping Trp2
12 N-terminal DW-deletion 662 ± 28.5 (16) 42.5 ± 2.0 Removes swapping N-terminal residues Asp1 and Trp2
13 N-terminal AA-extension 811 ± 97 (16) 47.2 ± 2.1 Prevents salt bridge between N terminus and Glu89; impairs swapping
14 E89A 293 ± 11 (16) 3.0 ± 0.01 Prevents salt bridge between N terminus and Glu89; impairs swapping
15 AA-insertion between res. 2

and 3
195 ± 8.6 (26) 3.4 ± 1.7 Lengthens the A-strand and decreases strain in the monomer

16 W2F 246.5 ± 2.1 (26) 3.1 ± 1.7 Decreases A-strand strain in the monomer
17 W2F R14E ND 381 ± 39 X-incompetent W2F

SeeMaterials and Methods for measurement details and Fig. 1C for an illustrative map of these mutations. Dissociation constants from previous studies are
indicated. Data are given as mean ± SD. ND, not determined.
*Value based on a single measurement.

Table 2. Additional buried surface area in the swapped dimer relative to the closed monomers

Area N-cadherin P-cadherin E-cadherin C-cadherin N-cadherin A78S I92M

Total (Å2) 966 1,045 989 1,008 928
Hydrophobic residues (Å2) 746 660 603 628 622
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an X-dimer configuration. We had previously pointed out that
swapping and X-dimer formation are geometrically incompatible
(16). However, the extended A-strand in this mutant allows both
X-dimer and strand-swap interfaces to engage simultaneously
(Fig. 4A). In line with its double (swapped plus X-dimer) in-
terface, this mutant dimerizes with a KD of 3.4 ± 1.7 μM. The
presence of an X-dimer in N-cadherin with a comparable binding

affinity to that of the strand-swapped dimer explains much of the
mutant data in the sense that both interfaces have to be dis-
rupted before a significant reduction in binding affinity can be
observed. This finding suggested the possibility that interplay of
the two interfaces might also help to explain the enhanced
binding affinities of the E89A and W2F mutants.
To investigate this possibility, we determined the crystal structure

of the N-cadherin W2F mutant at 2.1 Å resolution (Fig. 4C and
Table S2). This protein forms a strand-swapped interface, the ge-
ometry of which closely resembles that of the wild-type (Fig. 4C and
Fig. S3). However, the W2F R14E double-mutant that additionally
disrupts the X-dimer interface shows a significantly weaker affinity
of 381 ± 39 μM (Table 1). This observation strongly indicates the
likelihood that the X-dimer and strand-swapped dimer are in
equilibrium in the W2F mutant. To probe the possibility of such
an equilibrium for W2F and other mutants, we turned to EPR
spectroscopy.

DEER Distance Measurements Show Exchange of Swapped and X-Dimers
in N-Cadherin Mutants. DEER spectroscopy (30) was used to map
distributions of interspin distances between nitroxide side-chains
introduced at specific locations on the surface of cadherin EC1-
EC2 via site-directed spin labeling (Materials and Methods). This
process allowed us to infer the dimer conformation and to reveal
the flexibility of the EC1–EC2 interdomain linker region of
E-cadherin in solution, as revealed by structural heterogeneity (Fig.
5). We first used the rigid side-chain designated RX (Fig. S5), which
forms cross-links between cysteine residues introduced at resi-
dues i and i+2 in a β-strand (31). Fig. 5A shows models of 73/75RX
in EC1 (Fig. 5A, label 1) and 114/116RX in EC2 (Fig. 5A, label 2);
Fig. 5B shows the corresponding interspin distance distribution
determined with DEER. Remarkably, the two well-resolved peaks
centered at 40 and 45 Å are in complete agreement with expect-
ations based on X-ray structures, where the 40 Å distance corre-
sponds to label 1 on different protomers when a swapped dimer is
formed, and the 45 Å distance to label 1–label 2 located on
a single protomer (whether it is monomeric or dimeric) (Fig. 5A).
We also tested the effect of removing Ca2+ on measured inter-

spin distances. In the absence of rigidification caused by Ca2+ it is
generally assumed that two EC domains in a single protomer rotate
freely in solution. Indeed, the interspin distances in the absence of
calcium are very broad, spanning from 22 Å to above 60 Å (Fig.
5C). Two clusters can be discerned from the distance distribution,
one between 32 Å and 54 Å, and the other centered around 62 Å.
The presence of clearly identifiable peaks suggests some degree of
order within a large pool of conformations. Nevertheless, this wide
range of distances is indicative of a very flexible interdomain linker
region, consistent with our expectations for the calcium-free state.
To probe conformational equilibria between Ca2+-bound states

in different cadherins, we used the nitroxide side-chain desig-
nated R1 (32); unlike RX, R1 only requires a single cysteine for
introduction (Materials and Methods and Fig. S6). In E-cadherin,
the native cysteine at position 9 was mutated to serine to ensure
single labeling. R1 was introduced at the single position 135 in
otherwise wild-type and mutant proteins (Fig. 6A). In this case,
monomers will be invisible in the DEER experiment. However,
a dimer will contain two spin labels, and the resultant 135R1–
135R1 interspin distances predicted based on X-ray structures are
sufficiently different in strand-swapped and X-dimers to be used
as markers for the presence of one conformer or the other:
∼58 Å, ∼64 Å, and ∼63 Å in the swapped dimer of N- ,E-, and
P-cadherin, respectively, and ∼37 Å in both the N- and E-cadherin
X-dimers (Fig. 6A). Thus, DEER distances can be used to simul-
taneously monitor the presence of both dimer structures.
Distance probability distributions for wild-type N-, E-, and

P-cadherin, as well as mutant N- and E-cadherin EC1–EC2 do-
mains, are shown in Fig. 6B. Distance determinations by DEER in
the range beyond about 70 Å are challenging. Such long distances

Fig. 4. Structure of N-cadherin W2F and N-cadherin AA-insertion mutants. (A)
Structure of EC1–EC2 dimer of N-cadherin AA-insertion mutant. The two pro-
tomers are shown in light blue and bright orange, with the exchanged Trp2
side-chain shown. Calcium ions are shown as green spheres. (B) Ribbon repre-
sentation showing the superposition of the N-cadherin AA-insertion mutant
(green) and known E-cadherin X-dimer mutants (shades of blue): E-cadherin
W2A (PDB ID code 3LNH), E89A (PDB ID code 3LNI), N-terminal MR-extension
(PDB ID code 1EDH), and N-terminal AA-extension (PDB ID code 3LNG). (C)
Structure of EC1–EC2 dimer of N-cadherin W2F mutant. Protomers are shown in
pale cyan and light orange, calcium ions in green spheres. A close-up of the
swapped interface, with the exchanged Phe2 side chains, is shown.
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are encountered in the distributions shown in Fig. 6, where the
dotted traces identify parts of the distribution beyond the limits for
quantitative determination set by the data collection time, which in
the case of the cadherins is about 70 Å (Materials and Methods).
Nevertheless, the high-quality data reveal the existence of pop-
ulations beyond these limits, but the positions and widths are
undetermined. The N-cadherin wild-type protein shows a broad
interspin distance distribution with a shoulder at 55 Å and a peak
located at 63 Å. The data reveal populations beyond the 70 Å
limit that are indicated in Fig. 6 with dashed traces. The shoulder
and the first peak are close to the 58 Å average distance pre-
dicted from the crystal structure of N-cadherin. (Fig. 6B). Note
that this DEER distance distribution of wild-type N-cadherin is
very similar to that of the X-dimer–incompetent R14E mutant,
which forms only a strand swapped dimer (Fig. 6B). These results
suggest that both the wild-type and the R14E mutant of N-cadherin
primarily adopt a swapped dimer conformation, but that there is
a considerable structural heterogeneity associated with this con-
formation. In contrast, wild-type E-cadherin shows a major peak
at 70 Å (Fig. 6B), consistent with its larger dimer angle than the
average N-cadherin swapped dimer (Fig. 3A). The width of the
overall distribution is also narrower than that in wild-type
N-cadherin, suggesting that N-cadherin has a broader distribution
of dimer angles in solution than E-cadherin. Note that P-cadherin
has an N-like distance distribution (Fig. 6B). We will return to the
implications of this observation below.
Importantly, the lack of interspin distances around 37 Å indicates

the absence of X-dimers in all wild type N-, E-, and P-cadherins,
consistent with X-ray structures. In contrast, the N-cadherin W2A
mutant, as well as the AA-insertion mutant show a single narrow
peak centered at 38 Å (Fig. 6B), consistent with the predicted dis-
tance for the X-dimer conformation. For the N-cadherin W2F and

E89A mutants, which dimerize with higher affinity than wild-type
(Table 1), the DEER distance distributions show both an X-dimer
peak at 38 Å, and three distinct peaks between ∼44 Å and 70 Å,
which we associate with swapped dimers (Fig. 6B). Thus, consistent
with indications from AUC data (see above), in these two mutants
the X- and swapped-dimer conformations appear to be in equilib-
rium with one another.
The shape of the distance distributions is also informative. The

X-dimer peak in both the W2F and E89A mutants is narrow,
whereas the swapped-dimer peaks are distributed over a wide
range from ∼44 to 70 Å. In the N-cadherin tryptophan pocket
mutant A78S I92M, the long distance peaks starting at 43 Å
appear intermediate between the wild-type and the other two
tight binders W2F and E89A, whereas no peak corresponding to
the X-dimer distance (∼38 Å) is evident (Fig. 6B). This distance
distribution is quite similar to that of the E-cadherin pocket
mutant S78A M92I, which has three peaks that span a greater
distance range than that for wild-type E-cadherin (Fig. 6B). This
finding indicates that the pocket mutations not only affect the
structure of E-cadherin but also its dynamical properties.

Discussion
Cell-surface adhesion molecules, such as cadherins, generally
appear as members of families of closely related proteins that
carry out similar functions, most notably cell–cell recognition.
Type I cadherins bind to one another both homophilically and
heterophilically, with a range of affinities that can vary over
about two orders-of-magnitude. These affinities are evolution-
arily conserved among species (9) and arise from small changes
in sequence that might be expected to have little effect on af-
finities because the relevant amino acid substitutions are often
conservative (Fig. 2B). Our primary goal in this study has been to
elucidate the sequence, structural, and energetic origins of the
small differences in cadherin dimerization affinities that underlie
their biological specificity.
We have determined that the N-like N- and R-cadherins have

both greater homophilic and heterophilic binding affinities than
the E-like E- and C-cadherins, whereas P-cadherin, which is
more E-like in sequence, exhibits atypical behavior (Fig. 2C).
The clearest structural difference between N-like and E-like
cadherins is in the EC1–EC1 dimer angle that is larger in the
latter than in the former. The more open E-like conformation is
seen in the crystal structures of C- and P-cadherin (which both
contain a Met at position 92) and in the A78S I92M mutant of
N-cadherin where the Trp pocket residues corresponds to those
of E-cadherin. The larger dimer angle in E-like cadherins is also
evident from the main peak in DEER distance distributions of
wild-type N-, P-, and E-cadherin. The DEER distance distributions
of N- and P-cadherin span a greater distance range than that of
E-cadherin, suggesting that the swapped dimer of N-cadherin
samples a wider range of dimer angles, which in turn points to
greater protein motion on the domain level (see discussion below).
A second difference between N-like and E-like cadherins

involves their X-dimers. E-cadherin mutants, such as W2A, that
ablate strand-swapping have dimerization affinities substantially
weaker than wild-type. In contrast, the DEER distance distri-
bution of the W2A mutant of N-cadherin shows that it forms an
X-dimer, and AUC shows that it has an affinity similar to that of
wild-type (Table 1). Thus, one would expect both the swapped
and the X-dimer species in equilibrium as seen in the DEER
distance distributions of W2F and E89A but, in fact, only the
swapped dimer is observed for the wild-type N-cadherin. This
implies, that for a still unknown reason, the X-dimer affinity of
wild-type N-cadherin is actually weaker than that of W2A and
other mutants that form stable X-dimers (KDs in the range of
25–50 μM; Table 1). Crucially, however, as is the case for
E-cadherin (as well as the type II cadherin-6), the X-dimer in
N-cadherin functions as a kinetic intermediate on the path to the

Fig. 5. DEER distance distributions analysis of spin-labeled E-cadherin EC1–
EC2 in the presence and absence of calcium. (A) Sites of bifunctional RX side
chains (in stick representation) are shown on E-cadherin structure (wheat
cartoon, PDB ID code 2QVF). The interspin distance between 73/75RX and
114/116RX on the same protomer is estimated by modeling to be 45 Å, and
the distance between 73/75RX on one protomer and its dimer partner is
∼40 Å. (B and C) Distance probability distribution of E-cadherin EC1–EC2 in
the presence (B) and absence (C) of calcium. Probabilities at distances longer
than the upper limit of accurate peak width determination are shown in
gray; those at distances longer than the upper limit of accurate peak posi-
tion determination are shown as dashes.
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formation of the mature strand-swapped interface (16, 17). This
can be deduced from the observation that the X-dimer–
incompetent R14E mutant does not form strand-swapped dimers
in SPR experiments, where there is limited time to interact
(Fig. S4A), but does in AUC experiments. This behavior is entirely
consistent with that behavior observed for E-cadherin (16, 17).
Our attempt to probe the structural and dynamic tuning of

binding affinities with site-directed mutants answered numerous
questions, but also raised others. Indeed, every experiment car-
ried out with the goal of designing an E-cadherin mutant with
N-like properties was successful. In contrast, our attempts to design
N-cadherin mutants with E-like affinities failed. Replacing the
Trp pocket residues with those of E-cadherin (N-cadherin A78S,
I92M), which was intended to weaken dimerization, produced an
N-cadherin “super mutant” with a low KD of ∼3.0 μM. Similarly,
replacing polar residues 27 and 90 to those of E-cadherin
(N-cadherin D27N, N90D), instead of weakening dimerization,
produced an even stronger super mutant (KD ∼0.6 μM). Other
mutations known to weaken binding in E-cadherin (W2F, E89A,
and the AA-insertion mutant) all yielded N-cadherin super mutants.
How can these apparently conflicting observations be resolved?
The high affinity of the AA-insertion double mutant appears

straightforward to explain, as it is consistent with its forming a
large combined interface and indeed, its buried surface area
(∼2,000 Å2) is greater than any other type I cadherin. However,
the high affinity of the N-cadherin W2F and E89A mutants
cannot rely on the simultaneous formation of both interfaces in
a single structure because both the X-dimer peak and longer-

distance swapped-dimer peaks are observed in the DEER distance
distribution of the W2F and E89A mutants (Fig. 6B), indicating
two distinct types of conformations. This finding in turn suggests
an entropic contribution to the dimerization affinities of both
mutants and is consistent with an equilibrium involving both the
X-dimer and swapped-dimer.
Summarizing the analysis of the mutant data, we are able to

account qualitatively for the affinity of every N- or E-cadherin
mutant relative to wild-type based on structural changes, polar
interactions, and the presence of multiple conformations. We are
now in a position to analyze the differences among the wild-type
proteins themselves, particularly with respect to the greater di-
merization affinities of N-like and P-cadherin relative to E-like
cadherins. As discussed above, differences in buried hydrophobic
area may play a significant role (Table 2). In addition, we note that
the stronger binding N- and P-cadherins show wider distance dis-
tributions than the weaker E-cadherin, and that mutations that
confer greater affinity are associated with even wider distance dis-
tributions (Fig. 6B). The DEER data thus suggest that greater
conformational freedom and the presence of multiple dimeric
conformations result in more favorable entropic contributions
to binding.
In principle, numerical values for configurational entropy dif-

ferences could be determined from normalized distance probability
distributions by taking each discrete distance measured in the
DEER experiment as a microstate i with a corresponding proba-
bility pi and computing S according to −R

P
ipi lnðpiÞ. However, for

the long-range distances measured here, the uncertainty in the

Fig. 6. DEER distance distributions of dimers for spin-labeled N-, E-, P-cadherins, and N-, E-mutants. (A) Site of spin labeling (R1 in stick representation) is
shown on N-cadherin structures: gray cartoon, showing wild-type (PDB ID code 2QVI) and the AA-insertion mutant (PDB ID code 4NUP), with calcium ions as
gray spheres. The average interspin distance in the N-, E-, and P-cadherin swapped-dimer (Upper) is estimated to be 58, 64, and 63 Å, respectively, and in the
X-dimer (Lower), 37 Å for both N- and E-cadherin. (B) Distance probability distributions of wild-type N-, E-, and P-cadherin EC1–EC2, and mutant N- and
E-cadherin EC1–EC2. Thin dotted lines represent predicted interspin distance distributions based on crystal structures, if available, and accounting for spin
label rotamer conformations (Materials and Methods). All constructs include the 135C mutation for probe labeling; E-cadherin constructs include the C9S
mutation of the native cysteine. Probabilities at distances longer than the upper limit of accurate peak width determination are shown in gray; those at
distances longer than the upper limit of accurate peak position determination are shown as dashes. WT, wild-type.
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widths and extent of the distribution beyond 70 Å precludes a
reliable numerical calculation. Nevertheless, it is qualitatively
clear that both the N- and P-cadherin dimers have greater con-
figurational entropy relative to E-cadherin. Entropic stabilization
resulting from an equilibrium between multiple conformations has
not, to our knowledge, been posited previously, although similar
effects have been discussed in the context of the binding of na-
tively unstructured peptides (33).
We recognize that the explanation of binding affinities pre-

sented here is primarily qualitative in nature. Indeed, the com-
plexities of the systems involved would more than challenge the
current state of detailed binding free-energy calculations. How-
ever, the large body of data and the accompanying analysis offer
a far more complete picture of the physical principles underlying
cadherin function than has been available previously, and reveal
new ways in which evolution can exploit fundamental physical
principles in the subtle tuning of binding affinities. In particular,
the entropic contribution resulting from differences in the extent
of dimer flexibility constitutes a general mechanism that is
available to multidomain proteins and which we have shown
previously to also play a role in the binding of cadherins located
in the 2D environment of cell surfaces (34).
Perhaps most notably, our study illustrates how evolutionary

fine-tuning can proceed in ways that defy the simple logic of
experiments that probe local regions of protein structure. An
intriguing example is provided by the identity of the residues at
positions 27 and 90 that, when corresponding to those of wild-
type N-cadherin, actually lower affinities relative to those of
E-cadherin. Overall, N-cadherin has been designed to have a
greater dimerization affinity than E-cadherin, but these locations
have apparently been used to ensure that this binding is not too
tight. More generally, type I cadherin dimerization affinities
seem to be coded on the entire EC1 structure and via its dynamic
properties. This finding contrasts with other families of adhesion
proteins, such as nectins, for which intrafamily specificity can be
mapped to individual residues (35).

Materials and Methods
Phylogenetic Tree. Sequences of mouse E-, P-, N-, R-, and M-cadherin and
Xenopus laevis C-cadherin EC1 domains (residues 1–101) were aligned using
Muscle (36), and the sequence alignment obtained was used to build the
phylogenetic tree using the maximum likelihood method PhyML (37).

Recombinant Protein Expression and Purification. Mouse N-, E-, P-, R-cadherin
EC1–EC2 (Asp1-Val216, Asp1-Asp213, Glu1-Asp213, and Asp1-Asp215, re-
spectively) and Xenopus C-cadherin EC1–EC2 (Asp1-Asp213) constructs were
expressed in Escherichia coli. Mouse M-cadherin EC1–EC5 (Ala1-Ala547) was
expressed in HEK293 cells. Full details of protein expression and purification
are provided in SI Materials and Methods.

Crystallization, Data Collection, and Refinement. For mouse P-cadherin EC1–EC2,
N-cadherin EC1–EC2 A78S, I92M, N-cadherin EC1–EC2 W2F, and N-cadherin
AA-insertion mutants, full details of crystallization, data collection, and re-
finement are given in SI Materials and Methods.

Calculation of Buried Surface Area. Buried surface areas were calculated using
SURFV,which is available for downloadon theC2B2 software repositorywebsite,
wiki.c2b2.columbia.edu/honiglab_public/index.php/Software (38).

Calculation of EC1–EC1 Dimerization Angles in Swapped Dimers. Each EC1 do-
main was treated as a rigid body consisting of point masses at Cα positions of
residues 1–100. Other backbone atoms, side-chains, and all atoms from the
interdomain linker region (residues 101–104) were excluded from analysis. The
three principal axes of inertia of the rigid body were calculated (39). The long
axis of the domain was then defined as the principal axis representing the axis
of rotation that requires the least amount of torque to stop the rotation of the
rigid body. For a cadherin EC domain, the shape of which roughly resembles
a cylinder, this long axis is analogous to the axis of symmetry along the cyl-
inder. The angle between the two EC1 domains in a swapped dimer was
subsequently derived from the dot product of their respective long axes.

Building Models of the Closed Monomers. A structural model of the E-cadherin
closed monomer was derived from the crystal structure of the closed
monomer of mouse E-cadherin EC1–EC2 (PDB ID code 1FF5) (15), which
contains an extra N-terminal methionine that prevents the formation of
a crucial salt-bridge between the N terminus and Glu89 (19). In the model,
the N-terminal methionine was removed and a local minimization carried
out with a harmonic constraint with a minimum distance of 5.0 Å between
the N atom of the NH3

+ terminus and the Cγ atom of Glu89. The local
minimization consisted of 100 steps of steepest descent and 300 steps of
a conjugate gradient minimization. We verified that a proper salt-bridge
between the N atom of the NH3

+ terminus and the Cγ atom of Glu89 was
formed in our final model. Charmm was used for the constrained minimi-
zation (40).

A model for the closed monomer of N-cadherin was built from chain B
of the wild-type swapped dimer in the crystal structure of two-domain
N-cadherin (PDB ID code 2QVI). All EC1–EC2 domain residues except for the
A*/A-strand (residues 1–10) were assigned their crystallographic coordinates.
For the A*/A-strand, a homology model of N-cadherin closed monomer was
built for the whole EC1 domain with the program Nest (41) using the
E-cadherin closed monomer model described above as a template, for the
A*/A-strand residues. The chimeric structure was then locally refined using a
constrained minimization with Charmm. Specifically, the minimization con-
sisted of 200 steps of steepest descent algorithm followed by 300 steps of a
conjugate gradient minimization. All Cαs for residues 11–210 were re-
strained to their position with a force of 20 kcal·mol−1·Å−2.

Models of the closed monomer of N-cadherin A78S I92M double-mutant
and P-cadherin wild-type were constructed using the same procedure as for
the model of N-cadherin wild-type closed monomer: core residues (from
residues 11 to the end of the EC2 domain) were assigned their crystallo-
graphic coordinates (from PDB ID code 4NUM chain A and PDB ID code 4NQQ
chain A for N-cadherin A78S I92M and P-cadherin, respectively).

Analytical Ultracentrifugation. Sedimentation equilibrium experiments were
performed at 25 °C, using a Beckman XL-A/I ultracentrifuge equipped with
a Ti60An rotor. Data were collected using UV absorbance at 280 nm. Sam-
ples were dialyzed in Tris 10 mM, NaCl 150 mM, pH 8.0 for 16 h at 4 °C and
loaded into six-channel equilibrium cells with parallel sides and sapphire
windows. For Cys-containing proteins, 1 mM TCEP was added to the buffer.
Next, 120-μL aliquots of sample diluted to 0.7 (30), 0.46 (20), and 0.24 (10)
mg/mL (μM) were loaded, respectively, into three channels A, B, and C of the
cell, with three of the channels used for buffer reference. Samples were spun
at 16,350 × g for 20 h, after which four scans were collected at a rate of one
per hour. The rotor speed was then increased to 26,230 × g for 10 h, after
which four additional scans were collected at the same rate. The speed was
further increased to 38,440 × g for another 10 h and four more scans were
recorded under the same conditions. During the last step, the rotor speed
was increased to 52,970 × g for four more scans, resulting in a total of 16
scans for each concentration and a total of 48 scans per protein. Each ex-
periment was reproduced at least twice. The data were processed and an-
alyzed using HeteroAnalysis 1.1.44 software (www.biotech.uconn.edu/auf)
and buffer density and protein v-bars were calculated using the SednTerp
software (Alliance Protein Laboratories). The data for all concentrations and
speeds were globally fit using nonlinear regression to either a monomer-
homodimer equilibrium model or ideal monomer model.

SPR Binding Assays. Binding assays were performed using a Biacore T100
biosensor equipped with a Series S CM4 chip (GE Healthcare). Cadherin
binding experiments were performed at 25 °C in a running buffer of 10 mM
Tris·HCl, pH 8.0, 150 mM NaCl, 3 mM CaCl2, 0.25 mg/mL BSA, and 0.005%
(vol/vol) Tween 20. Cadherin analytes were diluted in running buffer to
a 12.0-μM monomer concentration, which were calculated using the homo-
philic KD values listed in Table 1. Details about protein immobilization and
experimental conditions are provided in SI Materials and Methods.

EPR Analysis. Spin labeling of cysteine mutants. All labeling reactions were
carried out in 25 mMMops pH 6.8, 100 mM NaCl, and 3 mM CaCl2. In a typical
labeling reaction, a 5- to 10-fold molar excess of S-(2,2,5,5-tetramethyl-2,
5-dihydro-1H-pyrrol-3-yl)methyl methanesulfonothioate (MTSL; Toronto
Research Chemicals) was added to the protein (5–25 μM) immediately after
buffer exchange. For labeling with RX, a 1:1.1 molar ratio of double cysteine
to HO-1944 (Toronto Research Chemicals) was used. The reaction was
allowed to proceed at room temperature for 0.5–1h and then at 4 °C
overnight. Excess label was removed by washing and the protein concen-
trated in an Amicon concentrator (Millipore) in 10 mM Tris·HCl pH 8.0, 150 mM
NaCl, and 3 mM CaCl2. The extent of labeling was assayed with Aldrithiol-4
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(Sigma-Aldrich) following established protocols (42). For RX-labeled pro-
teins, the final buffer conditions are 25 mM Hepes pH 7.4, 100 mM KCl,
3 mM CaCl2, and 10% (vol/vol) glycerol. For calcium-free experiments,
a small amount of RX-labeled E-cadherin was dialyzed against 25 mM Hepes
pH 7.4, 100 mM KCl, 10% (vol/vol) glycerol, and 5 mM EGTA overnight. Ex-
cept for the N-cadherin W2A mutant, R1-labeled protein was washed and
concentrated in buffer made with D2O. The final D2O content of the solvent
water was estimated to be 95% (vol/vol). The predicted average R1–R1
interspin distances as well as the distance distributions based on favorable
rotamer conformations were calculated using the PRONOX program (43) for
proteins with available crystal structures. The RX labels were modeled onto
the crystal structure of bidomain E-cadherin (PDB ID code 2QVF) using Dis-
covery Studio (Accelrys Software), and the interspin distances measured
in PyMol (Schrödinger). Positions for spin-label attachment are chosen
such that they are not expected to interfere with functional interfaces or
tested mutation.
DEER spectroscopy. Experimental procedures for the four-pulse DEER experi-
ments on the spin-labeled cadherin mutants were published previously (44).
Protein concentrations for DEER experiments varied between 100 and
400 μM, depending on the solubility of the mutants. For each measurement,
a 12–16 μL sample with 25% (vol/vol) glycerol as cryoprotectant were loaded
into a quartz capillary tube (1.5 ID × 1.8 OD; VitroCom) and then flash-fro-
zen in liquid nitrogen. All DEER measurements were performed at 80 K on
the Bruker ELEXSYS 580 equipped with a Q-band resonator (ER5107DQ),

a SuperQFTu-EPR bridge and a 10 W Q-band amplifier. The (π/2) and π pulses
were adjusted to be exactly 16 and 32 ns, respectively. A two-step phase
cycling (+x, −x) is carried out on the first (π/2) pulse. The time domain signal
collected for each sample varied from 3 to 5.5 μs, depending on the expected
distances. The longer time domain of 5.5 μs was achieved using deuterated
buffer and d8-glycerol [99% (vol/vol); Cambridge Isotope Laboratories].
Signal acquisition time varied from 6 to 16 h depending on sample con-
centration. Data were analyzed using the program LongDistances (45). The
upper limit of accurate mean distance and width determination are calcu-
lated using the equations rmax,<r> ≈ 5

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
tmax=ð2μsÞ3

p
and rmax,σ ≈ 4

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
tmax=ð2μsÞ3

p

(30). For our acquisition time of 5.5 μs, rmax,<r> ≈ 70 Å and rmax,σ ≈ 56 Å.
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