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ABSTRACT The extracellular domains of cadherins are known to play a major role in cell adhesion, although the structures
involved in this process remain unclear.Wehaveusedmolecular dynamics to characterize the conformational and thermodynamic
properties of two of the dimer interfaces identified in E-cadherin crystals and involving the two outermost exodomains (EC1 and
EC2): a dimer involving exchange of theN-terminal strand (referred to as the ‘‘swapped’’ dimer) and a ‘‘staggered’’ dimer involving
anEC1-EC2 interface. The results show that the staggered dimer involves amuch smaller interface area and is notably less stable
than the swapped dimer. It is also found that, despite its stability, the swapped dimer undergoes a conformational transition leading
to a structure closer to that experimentally observed for the homologous C-cadherin. Finally, comparing the simulated dimer
structures with the sequences of E-, C-, and N-cadherins shows that the swapped dimer interface involves surprisingly few
residues that vary from family to family and notably no changes between the E- and C-cadherin exodomains.

INTRODUCTION

Cadherins are one of the most important families of cell

adhesion proteins. They can be found in many multi-cellular

organisms, where they play important roles in embryogenesis

and tissue maintenance (1,2). The most studied cadherins

belong to the so-called type I classical subfamily, which in-

cludes the homologous C-, E-, N-, and P-cadherins. A

critical component of these molecules is the five-domain ex-

tracellular (EC) portion (3). These five domains fold in-

dependently into seven-stranded b-sandwich topologies (the

domains are numbered from the outermost N-terminal,

EC1–EC5). Each interdomain junction is associated with

three calcium ion binding sites; and a variety of experimen-

tal data—including electron microscopy on both complete

E-cadherin EC domains and on EC1-2 fragments, the min-

imal unit necessary for intercellular adhesion (4)—has

shown that calcium binding is necessary for the rigidity of

these junctions and the overall ‘‘rod-like’’ conformation of

the exodomain (5,6). Calcium binding also turns out to be

necessary for cadherins to play their role in cellular adhesion

(7–10). Molecular dynamics (MD) simulations on E- and

C-cadherins have confirmed the vital role of calcium binding

(11,12), although our studies on the EC1-2 domains of

E-cadherin also point to the fact that the most exposed Ca21

does not seem to be essential in stabilizing this junction.

Exactly how classical cadherins dimerize is still not clear.

The involvement of at least two types of cadherin-cadherin

contacts in adhesion has been deduced from electron mi-

croscopy experiments (10,13). These involve contacts be-

tween EC domains belonging to cadherins of the same cell

(cis interactions) and contacts between cadherins of inter-

acting cells (trans interactions). These studies do not yet

have sufficiently high resolution to reveal the atomic details

of the interactions; however, data obtained from mutagenesis

experiments have emphasized the role of several amino

acids. Among these, mutations of Trp-2 and Ala-80 are

known to abolish trans interactions but do not affect cis
interactions (10). Two recent studies have clarified the role of

Trp-2 and also shown the importance of Glu-89 in adhesion

(14,15).

Another source of information on cadherin interactions

comes from crystallographic studies of the truncated exodo-

mains and notably from the observed intermolecular contacts.

The first high-resolution structures of cadherins concerned

the EC1 domain of E-cadherin (16) and of N-cadherin (17).

Both structures show virtually identical folded domains, but

the second study also brought to light two different interfaces

between EC1 domains: a parallel interface, proposed to be

involved in cis interactions between molecules from a single

cell, and an antiparallel contact, presumably representing an

intercellular trans interaction. A remarkable feature of the

parallel interface is a strand exchange allowing the Trp-2

residue from one monomer to be inserted into the hydro-

phobic pocket of the partner molecule (containing, among

other residues, Ala-80), corresponding to a so-called swapped

dimer. The importance of this type of interaction for adhe-

sion is supported by the mutagenesis experiments cited

above. These observations led to the so-called zipper model

for cadherin interactions (17). Subsequent crystallographic

structures of EC1-2 fragments of E-cadherin (Protein Data

Bank code 1EDH and 1FF5) led to different conclusions

(10,18).

In both of these studies, two EC1-2 monomers form an

X-shaped dimer with parallel interactions between the EC1

modules and an interface that spreads into the calcium-bind-

ing junction region of the fragments. The parallel nature of

this interaction once again suggests a model for cis inter-

actions. In the 1FF5 structure, the Trp-2 residue of each

molecule is in its own hydrophobic pocket, unlike the strand-

exchanged conformation of the earlier ‘‘zipper’’ model. (The
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situation of Trp-2 is unclear in the 1EDH structure because

the N-terminal residues are not resolved.) We term this

structure a ‘‘nonswapped’’ dimer. It is important to note that

both 1FF5 and 1EDH structures have been obtained from

E-cadherin constructs having either one or two extra residues

at the N-terminus. Other studies have shown that elongating

the N-terminus of cadherin perturbs interactions and can lead

to the loss of adhesive properties (8,15,19). The nonswapped

dimer has therefore not been observed with the biologically

active form of the N-terminal and must currently be con-

sidered hypothetical. It is noted in passing that an N-cadherin

EC1-2 dimer, with a correctly processed N-terminal, has

been obtained and this structure shows a disordered rather

than a swapped strand (20). However, in light of the other

evidence available, the authors of this study concluded that

this interface was probably not biologically relevant.

Concerning intercellular trans interactions, a more recent

E-cadherin EC1-2 structure (8) reveals two molecules inter-

acting via their EC1 domains in what approaches an anti-

parallel arrangement. In this structure (Protein Data Bank

code 1Q1P), strand exchange involving Trp-2 is again ob-

served. This structure also resembles another recent result

obtained with the complete exodomain of C-cadherin (3).

In addition to these interactions, another interface is ob-

served between the EC1-2 fragments in many of the struc-

tures already cited. This interface involves a parallel contact

between the EC1 module of one fragment and the EC2

module of its partner (hereafter termed a ‘‘staggered’’ inter-

action). Although this interaction has often been considered

to be a simple crystal contact, some authors have suggested

its possible involvement in cis interactions (3).
On the basis of these experimental results, a number of

different, and sometimes contradictory, models of cadherin-

driven adhesion have been put forward. Although there is

still no definitive evidence in favor of any single model, the

involvement of strand-exchanged dimers has received sup-

port from several directions, including recent electron tomog-

raphy studies of desmosomal cadherins at mouse epidermal

cell interfaces which show that cis and trans interactions

could both be modeled using strand-exchanged dimer

structures (21).

As concerns the vital role of cadherins in selective cell

binding, the experimental data are again complex. Although

there is a very high degree of sequence homology between

the various classical cadherins, it was initially thought that

homophilic interactions were strongly favored. More recent

data show that heterophilic interactions can be formed and

rather suggest that selectivity results from the collective

effects of many individual dimer interactions (22,23). One

model shows that very small differences in affinity for the

swapped dimers could be amplified in this way (24). The

implication of the swapped dimer for the selectivity of

classical cadherin interactions has been demonstrated in a

recent publication by Patel and co-workers (25). In this

study, structures of type II cadherin ectodomains have been

obtained using x-ray crystallography. The swapping mech-

anism for type II cadherins involves a second tryptophane

(Trp-4), which is not present in the type I family (such as E-,

N-, and C-cadherins). This study brings further evidence of

the involvement of the EC1 domain in cadherin selectivity

although, given the small sequence differences between the

different cadherins, selectivity of either type I or type II

cadherins remains difficult to explain on a purely structural

basis. In this context, it should be remarked that biomem-

brane force probe experiments (26,27) have suggested that

selectivity may in some cases be related to kinetic rather than

thermodynamic factors.

In light of these questions and in the absence of definitive

structural data, molecular simulations may be able to con-

tribute to a better understanding of the various cadherin in-

teractions discussed above. We have previously used this

approach to study both EC1-2 monomers and the hypothet-

ical nonswapped EC1-2 dimer (with a correctly processed

N-terminal). We now present a comparative study of the

dynamics and stability of the remaining interfaces discussed

above, namely, the swapped and staggered dimers (Fig. 1).

All calculations involve EC1-2 fragments of E-cadherin. The

results show that the staggered dimer interface is clearly

much less stable than the swapped or the (hypothetical)

nonswapped forms. Interestingly, the swapped dimer shows

a structural change which leads to a transition from the form

observed crystallographically for E-cadherin (8) toward that

FIGURE 1 Crystallographic structures of the EC1-2 dimers of E-cadherin.

The two-domain monomers are shown in red and blue, and junction-bound

calcium ions are green. (A) Swapped dimer (1Q1P) involving an antiparallel

interaction between two EC1 domains. (B) Staggered dimer (1FF5, but also

present in 1Q1P) involving a parallel interaction between an EC1 domain

(of the bluemonomer) and an EC2 domain (of the redmonomer). Figs. 1, 4,

and 5 were produced using visual molecular dynamics (43).
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seen for C-cadherin (3). We have also made an analysis of

the residues involved in the cadherin interfaces which allows

us to speculate on their possible role in cell sorting on the

basis of the sequence differences between the E-, C-, and

N-cadherins.

MATERIALS AND METHODS

Cadherin dimer construction

Two different EC1-2 dimers have been examined in this study. The swapped

dimer was built from the crystallographic structure 1Q1P by applying a

crystallographic symmetry operation on chain A. This structure lacks the

residue Asp-1 and also the residues 214–218. These residues have been

added using the module Tleap from the AMBER software (28) (the

conformation of the four C-terminal residues was copied from the 1FF5

crystal structure). For the staggered dimer, the structure was obtained by

applying the appropriate crystallographic symmetry operations to chain A of

the 1FF5 crystal structure. It could have also been obtained from the 1Q1P

monomer (yielding a conformation within a Ca root mean-square deviation

(RMSD) of 1.9 Å from the 1FF5 result), but this structure naturally has a

solvent-exposed N-terminal and would again require building in missing

residues.

Setting up the simulations

The pKa of all the ionizable residues were computed using WHATIF (29).

All of them were found to be in their standard ionization state at neutral pH,

leading to a total charge of �20 for each dimer (taking into account the six

bound Ca21 ions). Each dimer conformation was solvated with TIP3P water

molecules (30) and 20 K1 ions were added to neutralize the simulation cells.

K1 and Cl� ions were further added to achieve an ionic concentration of

;0.15 mol L�1. The monovalent ions were randomly placed around the

solute using the Ptraj module of the AMBER package. An octahedral water

box was used for the swapped dimer, but a rectangular box was chosen for

the staggered dimer due to the elongated nature of this conformation (Fig. 1).

In all cases, a minimum distance of 10 Å was imposed between the solute

and the edge of the box. This led to systems comprising ;230,000 and

147,000 atoms, respectively, for the swapped and staggered dimers.

MD simulations

MD simulations were carried out using the Pmemdmodule of the AMBER 8

package (28) with the parm99 force field (31). Calculations employed the

periodic boundary conditions described above, and the particle mesh Ewald

method (32,33) was used to treat long-range electrostatic interactions with a

real-space cutoff of 9 Å. SHAKE restraints (34) were applied to all bonds

containing hydrogen atoms, and integrations were performed with a 2 fs time

step. Both dimers were first submitted to several thousand steps of

minimization using 25 kcal mol�1/Å�2 quadratic restraints on all atoms of

the solute. The temperature was then increased to 300 K within 10 ps and

stabilized during 40 ps, with the solute still restrained. The restraints were

then progressively decreased from 5 to 0.5 kcal/mol�1 Å�2, with 2000 steps

of minimization and 25–50 ps MD simulation at each stage. Lastly, 50–100

ps of unrestrained dynamics were performed before the production phase. In

the case of the staggered dimer, quadratic restraints were applied to two

atoms of one monomer constituting a bond lying nearly parallel to the

longest axis of the rectangular box (Ca-C9 Ile-242) to prevent the overall

rotation of the solute. Production runs were carried out for 12.5 ns for both

dimers. Comparisons were made with the 10 ns simulation of the E-cadherin

monomer discussed in our earlier work (11).

Conformational analysis

Standard conformational analysis was carried out using the Carnal and Ptraj

modules of the AMBER package as well as the Profit software developed by

A. C. R. Martin (http://www.bioinf.org.uk/software/profit). Accessible

surface areas (ASAs) were computed using a Korobov grid of 610 points

on the surface of each atom and a probe sphere of 1.4 Å radius (11,35). The

interface area of a dimer is defined as the difference between the sum of the

ASA of the isolated monomers minus the ASA of the dimer. The bending

angle and torsion angles between the two EC domains were probed during

the simulations using the geometrical definition described in our preceding

publication (11). Briefly, this involves defining an optimal axis for b-barrel

of each EC domain. The bending angle is the angle formed by these axes,

whereas the torsion angle is calculated between vectors perpendicular to the

domain axis pointing toward two b-strand residues chosen to give an angle

close to zero in the EC1-2 starting structure.

Free energy estimates

Free energy estimates have been computed using the so-called molecular

mechanics Poisson-Boltzmann surface area (MM-PBSA) approach (36,37).

This involved extracting 500 regularly spaced snapshots from the last 5 ns of

the monomer and the two dimer simulations. It should be noted that in the

monomer simulation, the Trp-2 is included in the hydrophobic pocket of its

own EC1 domain. Thus, when calculating free energy of dimerization for the

swapped dimer, the effect of strand swapping is taken into account. Gas-

phase enthalpies were then calculated using parm99 parameters. The polar

part of the solvation free energies was computed using a numerical Poisson-

Boltzmann solution with a grid spacing of 0.67 Å, a solute dielectric of 1, a

solvent dielectric of 78.5, and a salt concentration of 0.15 mol L�1. A surface

area term with a surface tension of 0.005 kcal/mol�1 Å�2 was calculated to

account for the nonpolar contribution to solvation free energy. Estimates of

solute translational and rotational entropy were derived from classical

statistical thermodynamics (38), whereas conformational entropies were

calculated using normal mode calculations (36) for 10 snapshots sampled

uniformly from the last 5 ns of each simulation. Conjugate gradient

minimizations, carried out before normal mode calculations, were converged

to 0.0001 kcal/mol�1 Å�1 using a 4 r distance-dependent dielectric function.

RESULTS AND DISCUSSION

Structural analysis of the EC1-2 dimers

As in our earlier studies (11), the EC1-2 monomer confor-

mations (in the presence of three bound calcium ions) are

found to be very stable throughout the MD simulations, with

RMSD deviations with respect to the starting structures

staying below 2 Å (or 3 Å in the simulation of the swapped

dimer, due to movements of the N-terminal residues). The

results in Table 1 also show that this stability is reflected in

the average values and the fluctuations of the bending and

torsion angles connecting the EC1 and EC2 domains, which

remain close to the values found in the earlier monomer

simulation. It is however remarked that the bending angles

are lower than those found in the crystal structures, presum-

ably because of the absence of crystal packing constraints.

These results show that the EC1-2 monomer junctions are

quite rigid and largely unaffected by the existence, or the

type, of the dimer interface.

The same rigidity does not apply to the overall fluctuations

within the dimers. Fig. 2 presents the evolution of the RMSD
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of the dimers with respect to the corresponding crystallo-

graphic structures during the two simulations. Although the

staggered dimer has a very extended conformation (Fig. 1), it

deviates relatively little from the starting structure, with

RMSD values oscillating around 4 Å. In contrast, the swapped

dimer rapidly moves away from the starting conformation,

leading to RMSD values up to 12 Å.

Another way of analyzing these dimers is to calculate

their interface areas. The results show two clear features.

The first concerns the range of the average interface areas.

The swapped and staggered dimers both exhibit relatively

small areas of ;1700 Å2 and 1200 Å2, respectively. These

values are both below the typical areas for protein-protein

interfaces of ;2400 Å2 (39,40), which, in passing, was also

the value found for the hypothetical nonswapped dimer in

our earlier studies (11). Second, as shown in Fig. 3, both

dimers show significant changes in interface as the simula-

tions progress. This evolution results in an increase of ;200

Å2 for the swapped dimer during the last 5 ns but to a

decrease of;200 Å2 for the staggered dimer during the same

period.

Conformational change in the swapped dimer

What is the nature of the important changes in the swapped

dimer? Given the results already presented, it clearly in-

volves the dimer interface rather than the monomer confor-

mation and, as already noted, the interface area actually

increases during the simulation. The overall evolution is

shown in Fig. 4, which compares the crystallographic start-

ing conformation with the mean structure derived from the

last 2.5 ns of the simulation. The dimer interface has been

significantly modified, moving toward the extremities of the

interacting EC1 domains, although the relative orientation of

the monomer axes has not been strongly affected. A more

detailed view is shown in Fig. 5, where it can be seen that the

process begins with the formation of new contacts between

the N-terminal strands of the EC1 domains (involved in the

strand exchange) and their more complete insertion into

the b-barrel of their own domains. This is followed by the

TABLE 1 Average values and standard deviations of the

bending and torsion angles between the EC1 and EC2

domains during the MD simulations

Simulation

Time

interval (ns)

Bending

angle (�)
Torsion

angle (�)

Monomer 2.5–10 137 6 6 (154) �18 6 9 (�16)

Swapped dimer 2.5–12.5
141 6 7 (148) �18 6 8 (�21)

134 6 9 (148) �19 6 8 (�21)

Staggered dimer 2.5–12.5
138 6 8 (154) �29 6 9 (�16)

152 6 9 (154) �17 6 9 (�16)

Data from the RMSD time series were used to determine the intervals in

which the structures were stable enough to allow averaging. The values in

brackets correspond to the crystal structures.

FIGURE 2 Evolution of the dimer structures during the simulations.

RMSD (for all heavy atoms) with respect to the crystallographic starting

structures during the MD simulations of the swapped dimer (thick black line)

and the staggered dimer (shaded line).

FIGURE 3 Evolution of the dimer interfaces during the simulations.

Dimer interface area between the EC1-2 monomers during the simulations of

the swapped dimer (thick black line) and the staggered dimer (shaded line).

FIGURE 4 Conformational change in the swapped dimer. Changes in the

swapped dimer during the MD simulation: (A) Crystallographic starting

conformation (1Q1P); (B) average structure over the last 2.5 ns of the

simulation.
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mutual approach of the two N-terminal strands to create a

short, parallel b-ribbon.
Interestingly, the first phase of this evolution, with each

N-terminal integrated into its own b-barrel, resembles the

crystallographic interface of the swapped dimer of C-cadherin

(3). Although E- and C-cadherin are highly homologous

(65% for the EC1-2 fragment and 70% for the EC1 domain),

the latter exhibits a somewhat larger swapped interface, cor-

responding to the evolution we see in the E-cadherin dimer.

The RMSD time series of our simulation, shown in Fig.

6, demonstrates that the E-cadherin dimer rapidly moves

away from its starting conformation and approaches that of

C-cadherin. This interface rearrangement takes the structure

5 Å away from its starting point in terms of RMSD, whereas,

after the first 500 ps of simulation, it remains within 2.5 Å of

the C-cadherin structure.

Fig. 7 shows another way to analyze this evolution using

two interatomic distances. The first, between residues Val-3

and Met-92 of a single EC1 domain (d3–92), reflects the in-

sertion of the N-terminal strand into the b-barrel of its own
domain, whereas the second, between the Trp-2 residues of

each monomer (d2-29), reflects the formation of the interchain

b-sheet. The figure shows that both these values almost im-

mediately adopt smaller values than those in the E-cadherin

crystallographic conformation. As the simulation prog-

resses, d3–92 and d2-29 both stay close to the values seen

in C-cadherin; however, d2-29 finally moves to still smaller

values (after 8 ns), reflecting the fact that the formation of an

N-terminal b-ribbon is absent in the C-cadherin structure. It

should be remarked that the tendency to move away from the

structure found for E-cadherin is not related to the use of the

biologically active form of the N-terminal in our simulations

(that is, without any residues preceding Asp-1), since this is

also the form studied crystallographically.

Free energy calculations

Although we have seen that both the swapped and staggered

dimers show structural changes during the MD simulations,

it is not easy to deduce the thermodynamic consequences

of these changes. We have therefore estimated the stability

of the two dimer interfaces using the MM-PBSA approach

described in the Methods section and based on the analysis

FIGURE 5 Evolution of the EC1-EC1 interactions over the course of the

swapped dimer simulation. The interacting EC1 monomers are shown in red

and blue. The first six residues of each monomer involved in strand

exchange are shown in cyan for the blue monomer and orange for the red

monomer. Each picture, except the starting structure at 0 ns, is averaged over

a 2.5-ns segment of the MD trajectory. Secondary structures are calculated

using the Stride option of visual molecular dynamics (43).

FIGURE 6 Backbone RMSD for the interacting EC1

domains during the swapped dimer simulation. The solid

line shows values calculated with respect to the E-cadherin

starting structure and the dotted line, the values with

respect to a C-cadherin swapped dimer. The left-hand plot

shows a close-up view of the first 500 ps of the MD

simulation.
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of an ensemble of snapshots taken from the MD simulations.

The dimerization free energies, with respect to EC1-2

monomers (with Trp-2 in its own hydrophobic pocket), are

presented in Table 2. Although the total binding free energies

are clearly overestimated, the relative values are informative.

Two main features stand out. First, the staggered dimer, in

line with its small interface and conformational fluctuations,

is by far the least stable conformation, having a binding free

energy much below the other form. Although its role in

cadherin-driven adhesion cannot be completely ruled out,

this interface is clearly the weakest. Second, despite the sig-

nificant change in conformation, the swapped dimer remains

a very stable structure and is clearly a good candidate for the

formation of strong E-cadherin interactions. These values

can be compared with that value of�29 kcal mol�1 obtained

previously for the hypothetical nonswapped dimer (11). The

fact that this value is well below that for the swapped dimer

may explain the preference for the latter in the presence of a

correctly processed N-terminal.

Dimer interfaces and cadherin specificity

Lastly, we consider whether the simulations of the different

E-cadherin dimer interfaces can help in understanding the

specificity of dimer interactions. To analyze the potential role

of sequence differences between E-, C-, and N-cadherins, we

have first identified those residues of E-cadherin which con-

tribute significantly to each type of dimer interface. Interface

residues were defined as those with .50% of buried surface

area with respect to the isolated monomers and a total buried

area of at least 10 Å2 per residue. The number of residues mak-

ing up each type of interface is seen to be unrelated to sta-

bility since the staggered and the swapped dimers are similar

in this respect. As expected, despite the thermal fluctuations

inherent to the MD simulations, the monomer contributions

to the swapped dimer interface are seen to be virtually sym-

metric. This is naturally not the case for the staggered in-

terface where the monomers participate via the EC1 and EC2

domains, respectively.

If we now assume that C- and N-cadherins can adopt

identical dimer conformations, we can ask whether the

resulting changes within their aligned sequences appear to be

important for each type of dimer. The results are shown in

Table 3 by the italics, which indicate residues contributing

significantly to the dimer interfaces but differing in sequence

for at least two of the three cadherins compared. On this

basis, the weak staggered interactions appear to be signif-

icantly sequence dependent. In contrast, the strong swapped

dimer appears to have a very limited dependence on se-

quence, and notably, although there are three residues

differing between E- and N-cadherin (of which Lys-25

makes a particularly important contribution to the interface),

no differences are found between E- and C-cadherin. This

observation is in line with several experiments showing

specific cell aggregation in the case of E- and N-forms (22)

but no discrimination in the case of the E- and C-forms of

cadherin (41). It also correlates with our finding that, during

MD simulations, the swapped dimer of E-cadherin evolves

to resemble that of C-cadherin. It should however be re-

peated that this analysis concerns buried surface areas and

not energy contributions and also does not take into account

potential structural changes induced by residues outside the

dimer interface. It, however, supports the idea that selectivity

between different cadherins relies on small and subtle thermo-

FIGURE 7 Formation of new b-strand contacts at the strand-exchanged

dimer interface. Changes in the EC1 swapped dimer interface reflected by

the distance between the Val-3 and Met-92 residues (upper plot) and

between the Trp-2 residues of the two domains (lower plot). The horizontal

solid and shaded lines show the corresponding distances in the crystallo-

graphic E- and C-cadherin swapped dimer structures.

TABLE 2 Free energies DG (in kcal mol�1) for dimer formation

and their component contributions calculated with the

MM-PBSA method

Contribution Swapped dimer Staggered dimer

DHint �9 �15

DHvdW �28 �50

DHcoul 289 397

DGsolv �325 �374

DGelec �36 23

DGsurf �1 �3

�TDS 34 34

DG �41 �11
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dynamic contributions (24) and could conceivably involve

kinetic factors (26,27).

CONCLUSIONS

We have used MD simulations to investigate conformational

and thermodynamic properties of two EC1-2 dimers of

E-cadherin derived from crystallographic structures. In both

cases, we have observed that the monomers show little

deformation and, in the presence of bound calcium ions at

the domain junctions, retain their initial ‘‘rod-like’’ confor-

mations no matter which dimer interface is formed. How-

ever, the different interfaces do not exhibit the same rigidity.

The swapped dimer undergoes important structural modifi-

cations that lead to a reinforcement of the interface and to a

conformation closer to that experimentally observed for

C-cadherin. One can speculate that this could be due to crys-

tallographic packing effects acting on the E-cadherin starting

structure. In the case of the staggered dimer, the initially

small interface area is further decreased during the simula-

tion. Binding free energy estimates show that the swapped

dimer is much more stable than the staggered form. This

supports the idea that the staggered interface is probably a

simple crystal contact rather than a functional interface. How-

ever, it is necessary to remain cautious since cadherin-cadherin

interactions are notoriously weak (5,42) and adhesion relies

on concentrated, multiple contacts (9). Lastly, an analysis of

the residues participating in the dimer interfaces suggests

that specificity must rely on subtle thermodynamic (or ki-

netic) factors in the case of the swapped dimer, which, al-

though strongly formed, appears to have a virtually identical

interface for both E- and C-cadherins and to show only

limited variations for N-cadherin.

The authors thank Helene Feracci and Olivier Courjean (Curie Institute,
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CINES center for the allocation of the supercomputer time used in carrying

out these simulations.
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