Structural and energetic determinants of adhesive binding specificity in type | cadherins
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Abstract

Type | 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 | family members
can account for the differential cell sorting behavior. Here we use a combination of X-ray
crystallography, analytical ultracentrifugation, surface plasmon resonance and double electron-electron
resonance (DEER) EPR spectroscopy to identify the molecular determinants of type | 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 due to increased conformational heterogeneity in the bound states as revealed
by DEER distance mapping in the dimers. These findings highlight the remarkable ability of evolution 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.



Significance

Type | cadherins comprise a family of cell-cell adhesion proteins that dimerize in a highly specific
fashion. There are small differences in dimerization affinities among family members that are
evolutionarily conserved and that have profound effects on cell patterning behavior. There are few
examples where the molecular origins of small affinity differences between closely related proteins have
been explored in depth. We have brought an unusually broad range of technologies to bear on the
problem in a unique integrated approach. Our results reveal how a subtle combination of physical
interactions combine to tune binding affinities and, in the course of our analysis, we discover a new
conformational entropy-based mechanism that can also be exploited by other multi-domain proteins.



Introduction

In metazoans, the elaboration and maintenance of multi-cellular architectures relies upon the
ability of cells to specifically adhere to one another. Cadherins constitute a superfamily of single-pass
transmembrane proteins that can confer such specific adhesive properties to cells (1). In particular, the
classical type | and type Il 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 expressing the same classical cadherin on their surface generally aggregate
through homophilic interactions, while cells expressing different cadherins segregate into distinct layers,

which, in at least some instances, remain in contact with each other through heterophilic binding (7-9).

Cell adhesion by classical cadherins is mediated by the dimerization of cadherin extracellular
domains emanating from apposed cell surfaces through an interface confined to the N-terminal EC1
domain (Figure 1A). Numerous crystal structures have revealed the atomic details of the trans (i.e.,
between cells) dimerization interface for three type | cadherins: C-, E- and N-cadherins (10-13). In all
three cases, the dimer partner molecules swap their N-terminal B-strand (the A*-strand), whose
conserved Trp2 residues provide an “anchor” for the adhesive interface by docking into a
complementary hydrophobic pocket in the partner protomer (Figure 1A). A second dimerization
interface that can form in the trans orientation has been observed in crystal structures of mutants of
both type | and type Il 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 due to its appearance — with a binding interface localized around the Ca®*-binding interdomain
linker region between EC1 and EC2 (14-16) (Figure 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)

(Figure 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 homophilic dimerization free energies: -6.25 kcal/mol for N-cadherin and -5.47 kcal/mol for E-

cadherin, the binding free energy associated with heterophilic N-/E- dimerization is intermediate
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between 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 | cadherins can have profound effects on cellular behavior, but the molecular

origins of these differences have not yet been determined.

Elucidating the source of about 1 kcal/mol difference in binding free energy between two very
similar molecules poses a challenging problem. Strand-swapping makes the problem even more
complicated since it is not possible to deduce the binding affinity determinants from the crystal
structures of the binding interfaces alone. This is because an important consequence of B-strand
swapping, or more generally of 3D domain swapping, is that each interaction that stabilizes the dimeric
conformation is also formed intra-molecularly in the “closed monomer” conformation (where the N-
terminal strand is bound by its own protomer 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 due to subtle differences between very similar energetic terms
(Chen et al., 2005). 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 (Figure
1A) in the monomer that is not present in the dimer, thus favoring dimerization (26). This mechanism is

likely relevant for N-cadherin as well (27).

Here we report new studies aimed at understanding the relationship between the sequences,
structures, and dimerization free energies of type | 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
ultracentrifugation (AUC) to quantify the homophilic binding affinities for each type | cadherin, surface
plasmon resonance biosensor analysis (SPR) to characterize heterophilic binding between type |
cadherin pairs and double electron-electron resonance (DEER) 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 while the x-ray and DEER
data make it possible to interpret the affinity measurements in structural and dynamical terms. Our

study demonstrates how multiple biophysical and structural approaches can be used in concert to



address mechanistic questions that are not answerable with a more limited repertoire of technologies.
Importantly, it clarifies design principles in the type | 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 conformational states and that the entropic contribution of this dynamical

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 | 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)
(Figure 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, while closer to E- and C-cadherin in
the phylogenetic tree, matches N- and R-cadherin at some residue positions (Figure 2A,B). M-cadherin
has a lower sequence similarity with the other type | cadherins and stands by its own on a separate

branch.

We produced type | 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 Ky scale for
type | cadherins (Figure 2C, see Figure caption for details). AUC results reveal that N- and R-cadherins
each have relatively low homodimerization Kps, 25.8 and 13.7 uM respectively, while E- and C-cadherin
have significantly higher homophilic Kps, 96.5 and 126.7 uM respectively. Though closer in sequence to
E- and C-cadherin, P-cadherin has a homophilic binding affinity of 30.9 uM, similar to that of N- and R-
cadherin. AUC measurements for the complete ectodomain of mouse M-cadherin corresponding to EC1-
5 revealed a homophilic dimerization Kp of 83.1 + 4.2 uM, 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
(Figure 2C and Supplementary Figure 1). 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 (Figures 2C and Supplementary Figure 1). 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 homophilic binding affinity in the range of the N-like



cadherins while heterophilically it shows no interaction with N- and R-cadherins but binds weakly to E-

and C-cadherins at the concentrations 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 A
resolution (Supplementary Figure 2, Supplementary Table 1) forms, as expected, a strand-swapped
dimer similar to other type | cadherin adhesive regions. Comparison between type | cadherin EC1-EC2
crystal structures for C-, N-, E-, and now P-cadherins reveals that while the individual EC1 domains
superimpose quite well (Co. RMSD of EC1 domains < 0.9 A), 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, Figure 3,

Supplementary Figure 3, and Supplementary Table 2).

Further analysis of type | cadherin crystal structures offers a potential explanation for this
difference. At each swapped interface, residues 2-5, 22, 24, 78 and 92 form a large hydrophobic cluster
(Figure 3B-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 while residue 92 is lle in N-like cadherins and Met
in E-like cadherins and in P-cadherin. To probe the structural role of positions 78 and 92 we determined
the crystal structure of the EC1-2 domain region of the N-cadherin A78S 192M double mutant at 3.2 A
resolution (Supplementary Table 1). (We were unable to crystallize the corresponding E-cadherin S78A,
M92! double mutant). The mutant N-cadherin structure reveals a normal strand swapped dimer
arrangement. However, as can be seen in Figure 3A and Supplementary Table 2, 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 intriguing. The E-cadherin S78A, M92I|
mutant has a Kp of 23.8 uM as opposed to 96.5 uM 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, 192M), rather than weakening the binding

to mimic E-cadherin, actually increase the binding affinity of N-cadherin from a Ky of 26.8 uM in wild-



type to 4.0 uM in the double mutant (Table 1). Single-site mutants confirm this overall behavior that
appears due primarily to position 92 (Supplementary Table 3). Residue 78 has a slight effect on Kps: 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 approximately 1800 A? for all crystal structures that have
been determined (Supplementary Table 2) but the buried hydrophobic area is significantly larger for N-
cadherin (~1200 A?) than for E-, C- and P-cadherin (~1000 A?). Differences in hydrophobic packing are
evident in Figure 3B and 3C. 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 proteins. We have built models of the closed monomers for E-, C-, P-, N- and A78S,
192M N-cadherin (see Methods) and calculated changes in buried area between closed monomers and
swapped dimers. As can be seen in Table 2, there is some variability in the increase in buried
hydrophobic area upon dimerization 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,
192M 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 consider 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, while residue 90 is Asp in E-
cadherin and Asn in N-cadherin (Figure 2B). Switching these residues between N- and E-cadherin shows
that the E-like residues (Asn27, Asp90) yield tighter binders than the N-like residues (Asp27, Asn90) in
both E- and N-cadherin (Table 1). Remarkably, the D27N, N90D N-cadherin mutant has a Ky that is

almost two orders of magnitude smaller than wild type (0.64 uM vs. Kp of 25.8 uM).

In order to determine the relationship between dimer structure and the effect of charged/polar
residues at positions 27 and 90, we made N- and E-cadherins with E-like and N-like structure-
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 Ky (factor of 2) than wild-type (compare rows 5 and 1) while E-cadherin



with both an N-like conformation and N-like polar residues has an even weaker K (factor of 5 compared
to wild type; compare row 7 to row 1). Seen in another way, comparing rows 7 and 5 reveals that N-like
polar residues weaken the K, of E-cadherin by a factor of 2 in an E-like conformation (compare rows 6
and 1) but by about a factor of 20 in an N-like conformation (compare rows 7 and 5). A similar trend is
observed for N-cadherin. N-cadherin with E-like polar residues has a Ky about 40 times stronger than
wild type (compare rows 9 and 1) while N-cadherin with an E-like conformation and E-like polar residues
has a Kp about 6 times stronger than wild type (compare 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 192), while lowest affinity binding was
observed for those containing N-like polar residues (D27 N90) and an N-like pocket (A78 192) (Table 1).
These results strongly suggest that the higher affinity observed for the N-cadherin pocket mutant A78S
192M relative to wild-type is due to more favorable polar interactions in the E-like conformation
(compare row 8 to row 1 and row 10 to row 9, in Table 1). 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 information, 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
favorable 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, 7 to rows 9, 10, 8, 1 respectively, in Table 1). As a next step in understanding 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 | N-, R-, C-, and P-cadherins and
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determined their homodimerization 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 while
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, that cannot form either a swapped- or X-dimer, is monomeric in AUC (Table 1) showing
that dimerization 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 (Supplementary Figure 4A). 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 discrepancy, 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, ES89A and W2F). The Kps of
these five mutants are reported in Table 1. Similarly 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, EB9A and W2F) (Table 1). In addition, we assessed
homodimerization of N-cadherin W2A mutant by SPR, which gave results consistent with AUC

(Supplementary Figure 4B).

We determined a 2.7 A 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 A when superposed (Figure 4A and 4B). Notably, this mutant swaps A-
strands despite also adopting 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 (Figure 4A). In line
with its double (swapped plus X-dimer) interface, this mutant dimerizes with a Kp of 3.4 + 1.7 uM. The
presence of an X-dimer in N-cadherin with a comparable binding affinity to that of the strand-swapped
dimer explains much of the mutant data in the sense that both interfaces have to be disrupted before a

significant reduction in binding affinity can be observed. This suggested the possibility that interplay of
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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 A resolution (Figure 4C, Supplementary Table 2). This protein forms a strand swapped
interface whose geometry closely resembles that of the wild-type (Figure 4C and Supplementary Figure
3). However, the W2F R14E double mutant that additionally disrupts the X-dimer interface shows a
significantly weaker affinity of 381 + 39 uM (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

Double electron-electron resonance (DEER) spectroscopy (30) was used to map distributions of
inter-spin distances between nitroxide side chains introduced at specific locations on the surface of
cadherin EC1-2 via site-directed spin labeling (see Methods). This 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 (Figure 5). We first employed the rigid side chain
designated RX (Supplementary Figure 5), which forms cross links between cysteine residues introduced
at residues i and i+2 in a beta strand (31). Figure 5A shows models of 73/75RX in EC1 (label 1) and
114/116RX in EC2 (label 2); Figure 5B shows the corresponding interspin distance distribution
determined with DEER. Remarkably, the two well-resolved peaks centered at 40 and 45 A are in
complete agreement with expectations based on X-ray structures, where the 40 A distance corresponds
to label 1 on different protomers when a swapped dimer is formed, and the 45 A distance to label 1-

label 2 located on a single protomer (whether it is monomeric or dimeric) (Figure 5A).

We also tested the effect of removing Ca>* on measured interspin distances. In the absence of
rigidification due to Ca®" 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 A
to above 60 A (Figure 5C). Two clusters can be discerned from the distance distribution, one between 32
and 54 A, and the other centered around 62 A. The presence of clearly identifiable peaks suggests some

degree of order within a large pool of conformations. Nevertheless, this wide range of distances is
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indicative of a very flexible interdomain linker region, consistent with our expectations for the calcium-

free state.

In order to probe conformational equilibria between Ca®**—bound states in different cadherins,
we employed the nitroxide side chain designated R1 (32); unlike RX, R1 only requires a single cysteine
for introduction (see Methods and Supplementary Figure 6). 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 (Figure 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 inter-
spin 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 A, ~64 A, and ~63 A in
the swapped dimer of N-,E-, and P-cadherin, respectively, and ~37 A in both the N- and E-cadherin X-
dimers (Figure 6A). Thus, DEER distances can be used to simultaneously 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 EC1-2 domains are shown in Figure 6B. Distance determinations by DEER in the range beyond
about 70A are challenging. Such long distances are encountered in the distributions shown in Figure 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 70A (see
Methods). Nevertheless, the high quality data reveals the existence of populations beyond these limits,
but the positions and widths are undetermined. The N-cadherin wild-type protein shows a broad inter-
spin distance distribution with a shoulder at 55 A and a peak located at 63 A. The data reveal
populations beyond the 70A limit that are indicated in Fig. 6 with dashed traces. The shoulder and the
first peak are close to the 58 A average distance predicted from the crystal structure of N-cadherin.
(Figure 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 (Figure 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
conformation. In contrast, wild-type E-cadherin shows a major peak at 70 A (Figure 6B), consistent with
its larger dimer angle than the average N-cadherin swapped dimer (Figure 3A). The width of the overall

distribution is also narrower than that in wild-type N-cadherin, suggesting that N-cadherin has a broader
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distribution of dimer angles in solution than E-cadherin. Note that P-cadherin has an N-like distance

distribution (Figure 6B). We will return to the implications of this observation below.

Importantly, the lack of inter-spin distances around 37 A 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 A (Figure 6B),
consistent with the predicted distance 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 A, and three distinct peaks between approximately 44 and 70 A which
we associate with swapped dimers (Figure 6B) Thus, consistent with indications from AUC data (see
above) in these two mutants the X- and swapped dimer conformations appear to be in equilibrium 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 while the swapped-dimer peaks are distributed over a wide range from =
44 — 70 A. In the N-cadherin tryptophan pocket mutant A78S 192M, the long distance peaks starting at
43 A appear intermediate between the wild-type and the other two tight binders W2F and E89A, while
no peak corresponding to the X-dimer distance (~38 A) is evident (Figure 6B). This distance distribution
is quite similar to that of the E-cadherin pocket mutant S78 A M92I, which has three peaks that span a
greater distance range than that for wild-type E-cadherin (Figure 6B). This 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 |
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 evolutionarily conserved among
species (9) and arise from small changes in sequence that might be expected to have little effect on
affinities since the relevant amino acid substitutions are often conservative (Figure 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, while P-cadherin, which is more E-like
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in sequence, exhibits atypical behavior (Figure 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, 192M 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- 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 distribution 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 which form stable X-dimers (Kps in the range of 25-
50 uM, Table 1). Crucially however, as is the case for E-cadherin (as well as the type Il cadherin-6) the X-
dimer in N-cadherin functions as a kinetic intermediate on the path to the formation of the mature
strand-swapped interface (16, 17). This can be deduced from the observation that the X-dimer-
incompetent R14E mutant doesn’t form strand-swapped dimers in SPR experiments where there is
limited time to interact (Supplementary Figure 4A) but does in AUC experiments. This behavior is

entirely consistent with that 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 carried 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, 192M) which was intended to weaken dimerization,
produced an N-cadherin “super mutant” with a low Kp of ~3.0 uM. 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 (Kp ~ 0.6 uM). Other mutations known to weaken binding in E-cadherin
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(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 (~ 2000 A?) is
greater than any other type | 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 since both
the X-dimer peak and longer distance swapped-dimer peaks are observed in the DEER distance
distribution of the W2F and E89A mutants (Figures 6B), indicating two distinct types of conformations.
This 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-cad 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 dimerization 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 distributions than the weaker E-cadherin, and that mutations that confer greater affinity
are associated with even wider distance distributions (Figure 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 differences 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 probability p; and computing S according to -
RY.; p; In(p;). However, for the long-range distances measured here the uncertainty in the widths and
extent of the distribution beyond 70A precludes a reliable numerical calculation. Nevertheless, it is
qualitatively clear that both the N- and P-cadherin dimers have greater configurational entropy relative
to E-cadherin. Entropic stabilization due to 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 natively unstructured peptides (33).
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We recognize that the explanation of binding affinities presented here is primarily qualitative in
nature. Indeed, the complexities of the systems involved would more than challenge the current state of
detailed binding free energy calculations. However, 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 they 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 multi-domain proteins and which we have shown previously to also play a role in the

binding of cadherins located in the two-dimensional 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 | cadherin
dimerization affinities seem to be coded on the entire EC1 structure and via its dynamic properties. This
contrasts to other families of adhesion proteins, such as nectins, for which intra-family specificity can be

mapped to individual residues (35).

Accession Codes

Protein Data Bank: coordinates for mouse P-cadherin EC1-EC2 wild-type, mouse N-cadherin EC1-EC2
A78S192M, AA insertion, and W2F have been deposited with accession codes 4ANQQ, 4NUM, 4NUP and
4NUQ, respectively.
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Materials and Methods

Phylogenetic tree

Sequences of mouse E-, P-, N-, R- and M-cadherin and Xenopus laevis C-cadherin EC-1 domains (residues
1-101) were aligned using Muscle (36), and the sequence alignment obtained was used to build the

phylogenetic tree using the maximum likelihood method PhyML (37).

Bacterial protein production

Coding sequences of mouse N-, E-, P-, R-cadherin EC1-2 (Asp1-Val216, Aspl-Asp213, Glul-Asp213, and
Asp1-Asp215, respectively) and Xenopus C-cadherin EC1-2 (Asp1-Asp213) were amplified by PCR from
cDNA libraries (Clontech, Mountain View, CA) and cloned in frame with an N-terminal hexahistidine-
tagged SUMO protein into the BamHI/Notl sites of the pSMT3 vector (a modified pET-28b(+) expression
plasmid). Cleavage of SUMO-fusion proteins with Ulp1 (Ubiquitin-like protease 1) after a Gly-Gly motif
yields cadherin proteins with native termini. Any extra amino acids occurring after the cleavage site due
to cloning were removed by using the QuikChange site directed mutagenesis kit (Stratagene, Agilent
Technologies, Santa Clara, CA) to ensure native N-termini of all proteins used in our studies, unless
specifically altered. We introduced all point mutations using either the QuikChange mutagenesis kit or
KOD Hot Start DNA Polymerase kit (Novagen, EMD Chemicals, Gibbstown, NJ). For SPR analysis, a Gly-
Gly-Gly-Cys motif was introduced by PCR before the stop codon in wild-type P-, C-, N-cadherin, E-
cadherin W2A, N-cadherin W2A, and N-cadherin R14E mutants, yielding a free C-terminal cysteine in
these constructs for attachment to thiol-reactive SPR chips. Biotinylated wild-type E- and N-cadherin
proteins were produced with a C-terminal Avi tag as described previously (9) for immobilization on
neutravidine-derivatized SPR chips. R-cadherin was fused with BCCP (biotin carboxyl carrier protein)
after Asp215 for in vivo biotinylation and subsequent chip immobilization. All PCR primers were

obtained from Life Technologies (Carlsbad, CA).

For protein production, E. coli Rosetta 2DE3 plLysS (Novagen) or BL21-Gold (DE) cells (Agilent) were
transformed with prepared pSMT3 vector and grown at 37°C until OD600 reached 0.6 shaking at
200rpm. To induce protein expression, we added 100uM IPTG and lowered the temperature to 18°C.

After 18h cells were harvested by centrifugation at 4,000g for 15min. Pelleted bacteria were
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resuspended in lysis buffer (500mM NaCl, 10-20mM Tris-HCIl pH8.0, 20mM Imidazole pH8.0, 3mM CaCl,)
and lysed for 3-6 minutes by sonication in 15-second intervals with 45 seconds rest in between pulsing.
Cell debris was spun down at 4°C and 20,000g for 30min-1 hour and His-tagged proteins were extracted
from the clear lysate by flowing over nickel charged IMAC Sepharose 6 Fast Flow resin (GE Healthcare,
Pittsburgh, PA). Beads were subsequently washed with 20-40 column volumes of lysis buffer to remove
contaminants and 6xHis-SUMO-fusion proteins were eluted with lysis buffer containing 250mM
imidazole. The 6His-SUMO tag of the fusion proteins were cut enzymatically by adding Ulp-1 to a final
concentration of 2ug/mL to the elution. Proteins were dialyzed into a low ionic strength buffer (100mM
NaCl, 10-20mM Tris-Cl pH8.0 and 3mM CaCl,). We removed Ulpl (which has a His tag), cleaved 6His-
SUMO tags, and any remaining uncut fusion protein by batch binding to nickel charged IMAC resin
equilibrated in dialysis buffer. The cadherins were further purified by anion exchange chromatography
(Mono Q 10/10 HR, GE Healthcare) using a NaCl gradient, and size exclusion chromatography (HiLoad
26/60 SuperdexTM S75 prep grade, GE Healthcare) in a final buffer of 150mM NaCl, 10mM Tris-Cl pH8.0
and 3mM CaCl,. Proteins were concentrated to a final concentration of approximately 1-10mg/mL using
Amicon Spin concentrators (Millipore, Billerica, MA) and flash frozen. Cysteine-containing proteins were
purified using the same method — except all buffers were supplemented with 1mM TCEP to keep

cysteines reduced.

Mammalian protein production

Mouse M-cadherin EC1-5 (Alal-Ala547) was expressed in HEK293 cell lines as secreted proteins with a
PTPa signal sequence and C-terminal hexa-histidine tag. Conditioned media were harvested two days
after transient transfection using polyethylenimine buffered to pH 7.0 with 1M NaOH, and brought to
high salt concentration (500mM NaCl) before purification. The protein was purified using IMAC
Sepharose 6 Fast Flow (lon Metal Affinity Chromatography) resin charged with Nickel and dialyzed
against 150mM NacCl, 10mM Tris-HCI pH8.0 and 3mM CaCl,, followed by two chromatographic steps: ion
exchange (MonoQ 10/100GL) and size exclusion (5200 26/60) in a final buffer of 150mM NaCl, 10mM
Tris pH8.0 and 3mM CaCl,.

Crystallization, Data Collection, and Refinement
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We expressed and purified mouse P-cadherin EC1-2 as described above and used it for crystallization
studies at 2.58mg/mL. Using the vapor diffusion method, protein crystals grew at 20°C after combining
0.6pL protein with 0.6uL well solution composed of 38% (w/v) PEG 6000, 350mM calcium chloride and
100mM Bis-Tris pH6.5. The crystals grew within 48h and were flash frozen in liquid nitrogen after being
immersed briefly in cryo protectant (15% (w/v) butane-2R,3R-di-ol, 18% (w/v) PEG 6000, 350mM
calcium chloride, 100mM Bis-Tris pH6.5).

For mouse P-cadherin EC1-2, data was collected on a single frozen crystal at the X4C beam line of the
National Synchrotron Light Source, Brookhaven National Laboratory at a wavelength of 0.979A. We
processed the data using the HKL suite (38) and solved the structure by molecular replacement with
mouse E-cadherin (PDB code: 2QVF) as search model using Phaser (39). Refinement was carried out by
manual building in Coot (40) followed by automated refinement in Phenix (41). Ramachandran plot

statistics for the final model are 96.4% favored, 3.6 % allowed and 0% outliers.

Crystals of N-cadherin EC1-2 A78S192M mutant were obtained in 15% PEG3350, 0.2M sodium chloride,
0.1M Tris, pH 8.5. The crystals were cryoprotected with the mother liquor supplemented with 30%
glycerol before flash cooling in liquid nitrogen. These crystals belong to space group P2, with cell
dimensions a =59.8 A, b=221.2 A, c=72.2 A, and B=103.9°. Crystals of N-cadherin EC1-2 mutant with
AA insertion between residues 2 and 3 were obtained in 0.3M magnesium formate, 0.1M HEPES, pH 7.5,
and were cryoprotected with the mother liquor supplemented with 30% glycerol for freezing in liquid
nitrogen. These crystals belong to space group P2;2;2 with a = 175.5 A, b = 65.8 A, and ¢ = 102.5 A.
Crystals of N-cadherin EC1-2 W2F mutant were obtained in 4% PEG4000, 0.2M magnesium chloride,
0.1M MES, pH 6.5. The crystals were cryoprotected with the mother liquor supplemented with 30%
ethylene glycol before flash cooling in liquid nitrogen. These crystals belong to space group €2 with cell

dimensionsa=116.6 A, b=86.2 A, c=46.7 A, and p=98.5°.

Diffraction data for all mouse N-cadherin EC1-2 mutants were collected on single crystals at 100K at X4C
beam line in the National Synchrotron Light Source at Brookhaven National Laboratory, and processed
with the HKL program suite (38).The structures were solved by molecular replacement with PHASER
using the structure of wild type N-cadherin EC1-2 (PDB ID code: 2QVI). Manual rebuilding was done
with COOT, and refinement was performed using REFMAC (42) implemented in the CCP4 program suite
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(Collaborative Computational Project Number 4, 1994). The statistics of data collection and refinement

are summarized in Supplementary Table 1.

Structural biology applications were provided by SBGrid (43).

Calculation of buried surface area

Buried surface areas were calculated using SURFV, which is available from download on the Honig Lab

website http://wiki.c2b2.columbia.edu/honiglab public/index.php/Software (44).

Calculation of EC1-EC1 dimerization angles in swapped dimers

Each EC1 domain was treated as a rigid body consisting of point masses at Ca positions of residues 1-
100. Other backbone atoms, side chains, and all atoms from the inter-domain linker region (residues
101-104) were excluded from analysis. The three principal axes of inertia of the rigid body were
calculated (45). 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, whose shape roughly resembles a cylinder, this long axis is analogous to the axis of
symmetry along the cylinder. 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 EC1-2 (PDB 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 A between the N atom of the NH3 terminus and
the CG 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 CG atom of Glu89 was formed in our final model. Charmm was used for the

constrained minimization (46).
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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 domains N-cadherin (pdb file 2QVF). All EC1-2 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 (47)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 consisted of 200 steps of steepest descent algorithm followed by
300 steps of a conjugate gradient minimization. All Cas for residues 11-210 were restrained to their

position with a force of 20 kcal.mol™.A.

Models of the closed monomer of N-cadherin A78S 192M 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 crystallographic
coordinates (from PDB 4NUM chain A and PDB 4NQQ chain A for N-cadherin A78S 192M and P-cadherin,

respectively)

Analytical ultracentrifugation

Sedimentation equilibrium measurements: Analytical ultracentrifugation (AUC) equilibrium experiments
were performed at 25°C, using a Beckman XL-A/I ultracentrifuge equipped with a Ti60An rotor. Data was
collected using UV absorbance at 280 nm. Samples were dialyzed in TRIS 10 mM, NaCl 150 mM, pH 8.0
for 16 hours at 4°C and loaded into six-channel equilibrium cells with parallel sides and sapphire
windows. For Cys-containing proteins 1 mM TCEP was added to buffer. 120mL aliquots of sample diluted
to 0.7 (30), 0.46 (20) and 0.24 (10) mg/mL (mM) were loaded, respectively, into three channels A, B and
C of the cell, with three of the channels used for buffer reference. Samples were spun at 15000 rpm
(16350*g) for 20 hours, after which four scans were collected at a rate of 1 per hour. The rotor speed
was then increased to 19000 rpm (26230*g) for 10 hours, after which four additional scans were
collected at the same rate. The speed was further increased to 23000 rpm (38440*g) for another 10
hours and four more scans were recorded under the same conditions. During the last step, the rotor
speed was increased to 27000 rpm (52970*g) for four more scans, resulting in a total of 16 scans for

each concentration and a total of 48 scans per protein. Each experiment was reproduced at least twice.
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The data was processed and analyzed using HeteroAnalysis 1.1.44  software

(http://www.biotech.uconn.edu/auf) and buffer density and protein v-bars were calculated using the

SednTerp software (Alliance Protein Laboratories, San Diego, CA). 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). Biotinylated versions of mouse E-, N- and R-cadherins EC12 domains were captured over
neutravidin-immobilized surfaces. Mouse P- and N-cadherins EC12, together with Xenopus C-cadherin
EC12 were covalently immobilized via a C-terminal cysteine using a ligand thiol-coupling protocol. The
biotinylated and thiol-coupled N-cadherin surfaces yielded similar results suggesting that the tethering
method does not influence the binding responses. Each cadherin ligand was tethered to the chip surface
at 70.0 mM monomer concentration, which was calculated using the homophilic binding Kps as listed in

table 1.

Neutravidin immobilization and capture of biotinylated cadherin were performed as described
previously (9). Thiol-coupled proteins were immobilized in HBS pH 7.4 (10 mM HEPES, 150 mM NaCl, pH
7.4), 3 mM CaCl, at 252C using a flow rate of 20 uL/min. For the immobilization reaction, the carboxyl
groups were activated for 2  minutes using 400 mM  EDC  (N-ethyl-N_-(3-
dimethylaminopropyl)carbodiimide), mixed at 1:1 ratio (v/v) with 100 mM NHS (N-hydroxysuccinimide).
Subsequently, a solution of 120 mM PDEA, was mixed with 0.1 M sodium borate pH 8.5 at 2:1 ratio (v/v),
to yield a final concentration of 80 mM PDEA and injected over the same flow cell for 4 minutes. A
sample of the cadherin protein to be immobilized was freshly desalted in 10 mM sodium acetate, pH 4.0
and sequentially injected over the activated surface at 10-50 mg/mL, depending on the protein, until the
desired immobilization level was achieved. Any remaining disulfides were blocked using a four-minute

injection of 50 mM L-cysteine/1.0 M NaCl in 0.1M sodium acetate, pH 4.0.

Cadherin binding experiments were performed at 252C in a running buffer of 10 mM TRIS-HCI, pH 8.0,
150 mM NaCl, 3mM CaCl,, 0.25 mg/mL BSA and 0.005% (v/v) Tween 20. Soluble cadherin (analytes)
were diluted in running buffer to a 12.0 mM monomer concentration, which were calculated using the

homophilic Ky values listed in table 1. Samples were injected for 60s at 50 mL/min followed by a 60-s
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dissociation phase. A one-minute buffer wash at the end of the binding cycle minimized sample
contamination of the fluidics system of the instrument. Each cadherin was tested at least twice to verify
the reproducibility of the assay and confirm stability of the immobilized surfaces. The binding responses

were double-referenced (9) and processed using Scrubber 2.0 (BioLogic Software, Campbell, Australia).

EPR analysis

Spin labeling of cysteine mutants: All labeling reactions were carried out in 25mM MOPS pH 6.8, 100mM
NaCl, and 3mM CaCl,. In a typically labeling reaction, a 5- to 10-fold molar excess of S-(2,2,5,5-
tetramethyl-2,5-dihydro-1H-pyrrol-3-yl)methyl methanesulfonothioate (MTSL; Toronto Research
Chemicals, Toronto, Canada) was added to the protein (5-25 uM) 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 30 min-1 h and then at 4°C
overnight. Excess label was removed by washing and the protein concentrated in an Amicon
concentrator (Millipore) 10mM Tris-HCl pH 8.0, 150mM NaCl, and 3mM CaCl,. The extent of labeling was
assayed with Aldrithiol™-4 (Sigma-Aldrich, St. Louis, MO) following established protocols (48). For RX-
labeled proteins, the final buffer conditions are 25 mM HEPES pH 7.4, 100 mM KCI, 3 mM CaCl,, and 10%
glycerol. For calcium-free experiments, a small amount of RX-labeled E-cadherin was dialysed against 25
mM HEPES pH 7.4, 100 mM KCl, 10% glycerol, and 5 mM EGTA overnight. Except for the N-cadherin
W2A mutant, R1-labeled protein was washed and concentrated in buffer made with D,0. The final D,0
content of the solvent water was estimated to be 95%. The predicted average R1-R1 interspin distances
as well as the distance distributions based on favorable rotamer conformations were calculated using
the PRONOX program’s webserver
(http://rockscluster.hsc.usc.edu/research/software/pronox/pronox.html) (49) for proteins with available
crystal structures. The RX labels were modeled onto the crystal structure of bidomain E-cadherin (PDB
code 2QVF) using Discovery Studio (Accelrys Software, San Diego, CA), and the interspin distances
measured in PyMol (Schrodinger, Portland, OR). 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 experiments on the spin-labeled
cadherin mutants were published previously (50). Protein concentrations for DEER experiments varied

between 100 and 400 uM depending on the solubility of the mutants. For each measurement 12- 16 uL
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sample with 25 % v/v glycerol as cryoprotectant were loaded into a quartz capillary tube (1.5 IDx 1.8 OD;
VitroCom, Mountain Lakes, NJ) and then flash-frozen 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 (1t/2) and 1t pulses were adjusted to be exactly
16 and 32 ns, respectively. A two-step phase cycling (+x, -x) is carried out on the first (11/2) pulse. Time
domain signal collected for each sample varied from 3 to 5.5 ps depending on the expected distance(s).
The longer time domain of 5.5 us was achieved using deuterated buffer and dg-glycerol (99%, Cambridge
Isotope Laboratories, Tewksbury, MA). Signal acquisition time varied from 6 to 16 hours depending on
sample concentration. Data were analyzed using the program LongDistances (51). The upper limit of

accurate mean distance and width determination are calculated using the equations 7,y <> =

53 tmax/(21s) and Tmaxo = 43/ tmax/(21s) (30). For our acquisition time of 5.5 ps, Tyay <> = 70 A

and Ty o =~ 56 A.
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Tables

Table 1: Dissociation constants (Kp) for wild type and mutant type | cadherins®®. Dissociation constants
from previous studies are indicated. Data are given as mean % s.d.

Ko (M)
Mutation E-cadherin N-cadherin C-cadherin R-cadherin P-cadherin M-cadherin
1 Wild-type 96.5+10.6" 25.8+15" 126.7 £19.7 13.7+0.2 30.9+ 1.0 83.1+4.2
monomer monomer
2 W2A 16 +47° 269+3.1 11.8 +0. d.
916 6.9+3 (>1000) 8+0.59 (>1000) n.d
3 K/R 14E 117+8° 41.4+2.11 122 +2.5 10.3+2.25 38.3+2.18 n.d.
4 | W2A, K/R14E monomer’ monomer’ n.d. n.d. n.d. n.d.
Mutation Kp (uM) Mutant description
5 S78A, M92| 23.8+1.6 - E-cadherin with N-like Trp2 pocket lining residues
6 N27D, D9ON 191+24 - E-cadherin with N-like polar residues around Trp2 pocket
7 S78A, M92I, 506° i E-cadherin with both N-like polar residues and N-like Trp2
N27D, D9ON pocket lining residues
8 A78S, 192M - 40+1.0 N-cadherin with E-like Trp2 pocket lining residues
9 D27N, N90D - 0.64 £0.15 N-cadherin with E-like polar residues around Trp2 pocket
10 A78S, 192M, i 344194 N-cadherin with both E-like polar residues and E-like Trp2
D27N, N90OD o pocket lining residues
11 W2A 916 +47° 269+3.1 Removes swapping Trp2
N-terminal
12 DW-ZLT;'zzn 662 +28.5° 425+2.0 Removes swapping N-terminal residues Aspl and Trp2
13 N-terminal 8114972 472421 N-terminal addition of two alanines, preventing salt bridge
AA-extension - D between NHs-term. and residue 89, and impairing swapping
14 ES9A 293 + 112 304001 Prevents salt bridge t?etwgen NH;,-tgrm. and residue 89 and
impairs swapping
AA-insertion . -
15 between 195 +8.6° 34417 Lengthens the A-stra.nd., and decreases swapping driving
res. 2 and 3 strain in the monomer
16 W2F 2465+2.1° 3.1+1.7 Decreases swapping driving A-strand strain in the monomer
17 W2F R14E n.d. 381+39 W?2F mutation combined with X-incompetent mutation

’see methods for measurement details. "See Figure 1C for an illustrative map of these muations. “Value based on a
single measurement, ! Katsamba et al, PNAS 2009, 2 Harrison et al, NSMB 2010, *Vendome et al, NSMB 2011

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

N-cad
N-cad WT P-cad WT E-cad WT C-cad WT A78S 192M
Total (A?) 966 1045 989 1008 928
Hydrophobic residues (A% 746 660 603 628 622
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Figures

A A*-strand

Monomer X-dimer

C Mutation target: swap interface Mutation target: X-interface
N-terminal N27D (E-cad)
D27N (N-cad)

N-terminal

DW-deletion E89A

W2A | e S78A (E-cad) - 0 =
{ B8 K14E (E-cad
W2F \ ~ A78S (N-cad) 90° R14E ((N-cad))
AA-insertion e
between res. Ma2| (E-cad) DYON (E-cad)
2and3 192M (N-cad) N9OD (N-cad)

Figure 1. Trans-dimerization of type | 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 | classical cadherin trans dimer on cell membranes. Extracellular regions dimerize through an
interface located in their EC1 domain in which the N-terminal B-strands are swapped, and Trp2 from
each protomer is docked in its partner’s hydrophobic pocket (expanded view, PDB ID: 2QVF). The A*
strand, which consists of the first three residues in the sequence and swaps during dimerization, and the
A strand, which consists of the last four residues (7-10) in the first B-strand, are indicated. (B) Reaction
scheme showing the X-dimer acting as a kinetic intermediate during the formation of the strand-
swapped dimer, in E-cadherin. In the X-dimer (PDB ID: 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 (left box); mutations that directly disrupt the strand-swap
interface 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 (right box).
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Figure 2. Sequence comparison of type | classical cadherins and scale of relative binding affinities. (A)
Phylogenetic tree (obtained with the PhyML method, see material and methods) of classical cadherins
based on the EC1 domain sequences of mouse E-, P-, N-, R- and M-cadherin, and Xenopus C-cadherin.
(B) Sequence alignment of EC1 and EC2 domains. Subtype-specific residues are highlighted in red and
blue, and conserved residues in gray. The swapped- and X-dimer interfaces are marked by black (above
sequence) and green (below sequence) bars respectively, when crystal structures are available. Positions
of the beta-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 Ky 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 between 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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N-cad 1-2

Figure 3. Structural importance of the Trp2 pocket lining residues 78 and 92. (A) Ribbon diagram
representation of superposed type | classical cadherins’ strand-swapped dimers. EC1 domains of the
crystal structure of E-cadherin (2QVF) is shown in orange, N-cadherin wild type (2QVI) in blue, and the
N-cadherin double mutant A78S 192M 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 (see methods) is represented. Supplementary Figure 3 shows a similar
superposition including other available type | 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 192M double mutant (D). In each panel the
swapped interface is viewed from the top, as indicated by the eye above panel A. The same crystal
structures as in panel 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 than in panel A as in each dimer one protomer is
represented in dark salmon and the other one in cyan.
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Figure 4. Structure of N-cadherin W2F and N-cadherin AA-insertion mutants. (A) Structure of EC1-2
dimer of N-cadherin AA-insertion mutant. The two protomers are shown in light blue and bright orange,
with the exchanged Trp2 side chain shown. Calcium ions are shown as green spheres. (B) Ribbon
representation showing the superposition of the N-cadherin AA-insertion mutant (green) and known E-
cadherin X-dimer mutants (shades of blue): E-cadherin W2A (3LNH), E89A (3LNI), MR N-terminal
extension (1EDH), and AA N-terminal extension (3LNG). (C) Structure of EC1-2 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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Figure 5. DEER distance distributions analysis of spin-labeled E-cadherin EC1-2 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: 2QVF). The interspin distance between 73/75RX and
114/116RX on the same protomer is estimated by modeling to be 45 A, and the distance between
73/75RX on one protomer and its dimer partner is approximately 40 A. (B-C) Distance probability
distribution of E-cadherin EC1-2 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 position determination are shown as dashes.
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Figure 6. DEER distance distributions d 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: 2QVI) and the AA-insertion mutant (PDB ID: 4NUP), with calcium ions as gray
spheres). The average interspin distance in the N-, E-, and P-cadherin swapped dimer (top) is estimated
to be 58, 64, and 63 A, respectively, and in the X-dimer (bottom), 37 A for both N- and E-cadherin. (B)
Distance probability distributions of wild-type N-, E-, and P-cadherin EC1-2, and mutant N- and E-
cadherin EC1-2. Thin dotted lines represent predicted interspin distance distributions based on crystal
structures, if available, and accounting for spin label rotamer conformations (see 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.
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Supplementary material

Supplementary Table 1: Data collection and refinement statistics

Data Collection
Space group
Cell dimensions: a,b,c (A)
a,B,v (%)
Molecules per asymmetric unit
Resolution limit (A)
Unique reflections
Redundancy (Highest resolution shell)

Completeness % (Highest resolution
shell)

Average I/o (1) (Highest resolution shell)
Rmerge (%) (Highest resolution shell)
Refinement

Resolution limit (A)

Rwork (%)

Rfree (%)

Rmsd bonds (If\)

Rmsd angles (°)

Protein atoms

Ligand/ion atoms

Water molecules

Average B (,&2) protein atoms
Average B (A?) ligand/ion atoms

Average B (Z\z) water molecules

P-cad wild-type

P2,2,2
123.1,188.7, 53.2
90, 90, 90

4

40-3.2

21058

6.3 (6.1)

99.3 (94.2)

11.6 (3.1)

11.6 (58.9)

20-3.2
22.8
26.9
0.01
0.9
6552
23

76
71.4
63.8

241

N-cad A78S 192M

P2,
59.8,221.2, 72.2
90, 103.9, 90

4

20-3.2

25726

3.5(1.9)

94.7 (68.2)

9.5(2.1)

12.0 (44.5)

20-3.2
21.9
25.3
0.006
1.07
6668

12

68.5

60.7

N/A
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N-cad W2F

Cc2

116.6, 86.2, 46.7
90, 98.5, 90

1

20-2.1

25187

3.4(3.0)

97.7 (85.7)

34.3 (3.0)

11.2 (46.1)

20-2.1
211
25.3
0.008
1.08

1659

159
53.5
48.9

57.6

N-cad AA
insertion

P2,2;2
175.5, 65.8,102.5
90, 90, 90

3

20-2.7

33781

5.3(3.7)

99.7 (96.9)

13.6 (2.0)

11.6 (44.4)

20-2.7
17.2
22.9
0.009
1.26
5042
10
576
23.0
26.4

23.9



Supplementary Table 2:

Total and hydrophobic surface area buried at the swapped interfaces as determined from crystal
structures of N-, E-, C-, P-cadherins and the N-cadherin mutant A78S 192M. The EC1-EC1 dimer angle is
indicated for each crystal structure.

Residues Total BSA | Hydrophobic BSA EC1-EC1 dimer

78 and 92 (A% (A%, by residue) angle (degree)
N-cad WT EC1-2 (2QVI) A78,192 1839 1202 75.7
N-cad WT EC1-5 (3Q2W) A78,192 1900 1218 73.4
N-cad W2F (4NUQ) A78, 192 1796 1149 77.6
N-cad A78S 192M (4ANUM form 1) S$78, M92 1747 998 84.2
N-cad A78S 192M (4ANUM form 2) S78, M92 1751 1027 83.9
E-cad WT mouse (2QVF) S78, M92 1834 1008 85.3
E-cad WT mouse EC1-5 (3Q2V) S78, M92 1725 962 89.2
E-cad WT human (2072) S78, M92 1800 1031 88.1
C-cad WT (1L3W) S78, M92 1840 970 88.7
P-cad WT (4NQQ) G78, M92 1850 996 83.4

Supplementary Table 3: Dissociation constants (Kp) for wild type E- and N-cadherins and their pocket

mutants. Data are given as mean £ s.d.

Ko (LM)
Mutation E-cadherin N-cadherin Mutant description
M92| 54.6+3.8 - E-cadherin with N-like Trp2 pocket lining residue 92
S78A 85.7+3.9 - E-cadherin with N-like Trp2 pocket lining residue 78
192M - 2.6+0.2 N-cadherin with E-like Trp2 pocket lining residue 92
A78S - 344+2.0 N-cadherin with E-like Trp2 pocket lining residue 78
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Supplementary Figure 1. SPR analysis of the heterophilic binding of type | cadherins. Each of the five
type | cadherins, C-, E-, N-, P- and R-cadherin analytes was injected at 12 uM monomer concentration
over individual sensor chip surfaces immobilized with each of the five type | cadherin at 70 uM
monomer concentration. The responses are color-coded as indicated by the figure legend. The
immobilized molecule for each panel proteins is shown in italics at the top.
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Supplementary Figure 2. Crystal structure of P-cadherin adhesive fragment EC1-2 reveals an adhesive
strand swapped dimer. (A) Strand-swapped dimer formed by wild-type P-cadherin observed in the
crystal structure. One protomer shown in blue ribbon presentation; the binding partner shown in
orange; green spheres represent calcium (Il) ions. (B) Close-up of EC1 domains showing exchanged A*-
strands and docking of Trp2 residues (stick representation). Dimer formed between chains A and B (pdb
4NQQ) is depicted in the figure. Chain C and D also adopt a strand swapped dimer configuration,
however, EC1 of chain D is poorly ordered.
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N-cad 1-2

N-cad W2F
P-cad 1-2

Supplementary Figure 3. Ribbon diagram representation of superposed type | classical cadherins’
strand-swapped dimers. EC1 domains of the crystal structure of E-cadherin EC1-2 (2QVF), E-cadherin
EC1-5 (3Q2V), C-cadherin EC1-5 (1L3W), P-cadherin, N-cadherin EC1-2 (2QVI), N-cadherin EC1-5 (3Q2W)
and the N-cadherin double mutant A78S I192M are shown. The color code is indicated on the figure. 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 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 (see methods) are represented.
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Supplementary Figure 4. SPR analysis of W2A strand-swap mutant and R14E X-dimer mutants of N-

cadherin. For each panel, the immobilized proteins are indicated in italics at the top and the injected

analytes are shown underlined at the left-hand side. All panels are depicted on the same scale. Proteins

were immobilized at concentrations corresponding to 100 UM monomer and analyte binding was tested

at concentrations corresponding to 12, 9, 6 and 3 uM monomer. (A) Binding of N-cadherin wild type and
its R14E X-dimer mutant, to surfaces immobilized with N-cadherin wild-type and N-cadherin R14E. (B) N-
cadherin W2A and E-cadherin W2A strand-swap mutants were tested for binding over surfaces
immobilized with N-cadherin W2A, E-cadherin W2A and N-cadherin wild type proteins. The binding of

the wild type N- and E-cadherins was included as a control.
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Supplementary Figure 5. DEER analysis of RX-labeled E-cadherin. (A) Chemical structure of the RX side
chains. (B) Background-subtracted dipolar evolutions of E-cadherin 73/75RX 114/116RX in the presence

(left) and absence (right) of Ca**. Both the experimental form factor (black trace) and the best fit (red
trace) from the program LongDistances are shown.
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Supplementary Figure 6. DEER analysis of R1-labeled E-, N-, P-cadherin and mutants. (A) Chemical
structure of the R1 side chain. (B) Background-subtracted dipolar evolutions of E-, N-, P-cadherin and
indicated mutants, all labeled with R1 at position 135. Constructs for E-cadherin include an additional
C9S mutation to remove the native cysteine. Both the experimental form factor (black trace) and the
best fit (red trace) from the program LongDistances are shown.
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