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Intercellullar junctions formed by cadherins, including desmosomes
and adherens junctions, comprise two dimensional arrays of “trans”
dimers formed between monomers emanating from opposing cell
surfaces. Lateral “cis” interfaces between cadherins from the same
cell surface have been proposed to play a role in cadherin clustering.
Although the molecular details of cis interactions remain uncertain,
they must define an anisotropic arrangement where binding is
favorable only in certain orientations. Here we report Monte Carlo
simulations performed on a 2D lattice constructed to account for
the anisotropy in cadherin cis interactions. A crucial finding is that
the “phase transition” between freely diffusing cadherin monomers
and dimers and a condensed ordered 2D junction formed by dimers
alone is a cooperative process involving both trans and cis interac-
tions. Moreover, cis interactions, despite being too weak to be
measured in solution, are critical to the formation of an ordered
junction structure. We discuss these results in light of available
experimental information on cadherin binding free energies that
are transformed from their bulk solution values to interaction
energies on a 2D lattice.

cis trans interfaces | cell adhesion | intercellular signaling

adherin-mediated cell-cell adhesion is initiated by the “trans”

dimerization of cadherin monomers located on apposing
cell surfaces (1-3). Binding triggers a series of still only partially
understood cellular events that lead to the reorganization of the
actin cytoskeleton that, in turn, trigger changes in cell morphol-
ogy and motility (1-3). The formation of adherens junctions,
whose core element consists of localized clusters of cadherins
linked as adhesive dimers to cadherins from the apposed cell
(4,5), is likely to represent the first step in this signaling cascade.
The interplay between frans binding and lateral (“cis”) interac-
tions among proteins on the same membrane appears to play
a crucial role in the clustering of cadherins into junctions. To elu-
cidate the physical principles underlying this process, we present
a theoretical model cast into a lattice-based Monte Carlo (MC)
simulation scheme. Essential features of the model are derived
from the 3D structures of cadherin ectdomains (6), and its impli-
cations are discussed in light of experimentally derived binding
free energies (7). The coupling between cis and trans interactions
appears to play a central role in cadherin-mediated cell—cell
adhesion and may represent a general physical mechanism used
in other adhesion processes as well.

Cadherins constitute a large Ca?*-dependent superfamily
of cell surface adhesion receptors containing an N-terminal
extracelluar region, or ectodomain, followed by a single pass
transmembrane segment and a C-terminal intracellular region
that contains conserved binding sites for catenins (6, 8-10).
The ectodomain of the type I cadherins, which are known to form
junctions, consists of five tandem extracellular (EC) domains with
immunoglobulin-like topology, ranging from the membrane-dis-
tal EC1 domain to the membrane-proximal EC5 domain (6)
(Fig. 1). Trans dimerization is mediated by an interface formed
between two cadherin molecules from opposing cells that
swap the N-terminal p-strands of their EC1 domains, anchored
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by binding of the highly conserved Trp2. Structural studies
(6, 11-14), binding affinity measurements (7), sequence analysis
(15), and molecular simulations (16, 17) have provided a detailed
picture of the trans dimerization process that mediates cell-to-cell
interaction.

A recent study has demonstrated that cadherin mutants lack-
ing the cytoplasmic domain are capable of driving adherens
junction formation, indicating that the structural determinants
of this process reside in the ectodomain (18). The dense packing
and apparent ordered structure of cadherins observed in EM and
tomography studies of adherens junctions (19, 20) and desmo-
somes (21, 22) suggest the existence of lateral, cis, interactions
between cadherin ectodomains positioned on the same cell sur-
face. However, the location of the “cis interface” has not been
conclusively identified. One possibility involves lateral contacts
seen in the crystal structure of C-cadherin (2). This interface
is formed in almost all cadherin ectodomain structures, providing
evidence for its biological relevance. In the C-cadherin lattice, an
interface is formed between the EC1 domain of one molecule and
regions near the EC2-EC3 linker region in another (2, 6). These
cis interactions produce a linear, one dimensional, array of
cadherin ectodomains, as reflected in the lower layer of mole-
cules in Fig. 1. In contrast, the cadherins shown in the upper layer
are not in contact with each other but, rather, form similar linear
arrays oriented along an out-of-plane axis with other cadherins
from the same cell surface. Consequently, trans dimers interact
with each other along two different directions, resulting in the
production of a 2D lattice whose formation is driven by both
cis and trans interactions. It is important to note that the
strand-swapping trans interactions are weak compared to other
dimer interactions with similar buried surface area (Kps on
the order of 20-100 pM, corresponding to about 9-11 kT, k
denoting Boltzmann constant and 7 the absolute temperature)
(7). The cis interactions, which have not been observed in solu-
tion biophysical experiments, must be even weaker (Kp > 1 mM,
i.e., about 7kT'). Yet the combination of the two is responsible for
the formation of well-ordered junctions, consistent with recent
single molecule studies that have provided direct evidence for
the cooperativity between cis and frans interactions (23).

We approach the problem of adherens junction formation
based on the premise that a junction can be described as an
ordered 2D phase of densely packed frans dimers and simulate
its formation using a lattice model inspired by the crystal struc-
ture of C-cadherin. Both the strand swapped trans interface and
the newly defined cis interface are mapped onto a 2D lattice
representing a superposition of the two adhering membranes.
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Fig. 1. Trans dimer organization, as derived from the crystal structure of
C-cadherin (6).

MC simulations are carried out whereby cadherin monomers and
dimers diffuse and interact via both cis and frans interactions,
whose actual values may be estimated based on recent measure-
ments of cadherin dimerization free energies in solution (7). We
argue that lateral (cis) interaction between cadherin dimers, and/
or monomers, can drive junction formation, provided their
strength and the surface concentration are large enough.

There have been previous theoretical and lattice-based studies
of clustering involving different types of adhesive proteins (24—
29), including statistical-thermodynamic analyses of systems
involving cis and trans interactions (26, 27), as well as various
models of lateral receptor clustering (28, 29). However, none
of these studies has been concerned with junction formation
mediated by cadherins, nor with the special structural and ener-
getic characteristics of these proteins and their crucial role in
cell—cell junction formation. There are a number of other unique
features to our present study. First, we introduce an experimen-
tally informed anisotropic interaction scheme whereby direc-
tional intermolecular interactions are mapped onto a 2D
lattice. A second important feature is the establishment of a
connection between binding affinities measured in solution
and the corresponding interaction energies to be used in the dis-
crete quasi 2D lattice model. To this end, as originally suggested
by Bell (24, 25), we define a quasi 3D “confinement shell” encom-
passing the midplane between the two membranes, within which
the adhesive EC1 domains of cadherins from both membranes
are assumed to freely diffuse and interact. We have previously
used a related procedure in the description of the transient
equilibrium established between trans interacting cadherins on
apposing cell surfaces (30). Here we add directional cis and trans
interactions to this model and map the confinement shell onto
a 2D lattice, a procedure requiring a renormalization of the
3D measured binding energies.

Theory

Lattice Model. Although the adhesive interface of frans cadherin
dimers is encompassed by the outermost (EC1) domain of the
interacting monomers, the entire ectodomain plays an indirect,
yet important, role in determining the probability of EC1-EC1
encounters. In the presence of Ca’* ions, the ectodomains adopt
a rigid “bow-like” structure, restraining EC1 fluctuations normal
to the membrane plane to a relatively narrow shell of thickness &
around the intermembrane midplane, as illustrated in Fig. 2.
As in previous work (30) we assume that the ECls from both
membranes are uniformly distributed within this quasi 3D central
shell.

To construct our lattice model we transcribe the central inter-
action shell of total area 4 into a 2D square lattice comprising M
sites of area a = A/M. We associate a with the membrane area
taken up by one cadherin molecule in a junction, estimated as the
cross-sectional area of a single cadherin molecule in the C-cah-
derin crystal (6) (@ ~ 40 nm?). We use A and B to denote the EC1
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Fig. 2. (A) Schematic illustration of two interacting cadherin-decorated
membranes. The EC1 domains are labeled by solid ellipses—green for cadher-
ins in the lower membrane and red for those at the top layer. If apposed EC1
domains form a trans dimer they are labeled solid blue. Hollow ellipses label
the EC2-EC5 domains. The gray “ghost” molecules illustrate alternative con-
figurations, all within the interaction shell of thickness h. (B) The 2D square
lattice, corresponding schematically to a top view on the interaction shell
containing all EC1 domains, here depicted as dipoles (monomers). Each lattice
site can accommodate no more than one top layer monomer (red dipole),
nor more than one bottom layer monomer (green dipole). However, double
occupancy by monomers belonging to apposed membranes is a necessary
condition for trans dimer formation, provided the angle between the bottom
and top monomers is 90° (indicated by a blue solid circle). The cis interactions
between monomers and dimers are described in detail in the text.

domains of cadherin monomers originating in the top (4) and
bottom (B) membranes, respectively, and D = AB for the trans
dimer formed in the binding reaction: 4 +B 2 D. The model
does not allow double occupancy of one lattice site by two As
or two Bs, thus accounting for excluded area interactions between
nearest neighbor monomers. On the other hand, double occu-
pancy by 4 and B is a necessary condition for trans dimer forma-
tion, implying that the volume element ah = v can accommodate
the dimerized EC1s. We use AgP (trans) to denote the free energy
change, per dimer, in the dissociation process D — A + B,
i.e., Ag®(trans) > 0 if dimerization is energetically favorable.
As reflected by the crystal structure in Fig. 1 and schematically
illustrated in Fig. 24, the bow-like cadherin monomers form an
ordered 1D aggregate, mediated by monomer—-monomer contacts
at the cis interface, whereby each molecule has exactly two near-
est neighbors. Trans dimers, on the other hand, organize into 2D
aggregates because their two constituent monomers each partake
in cis interactions with 1D arrays of cadherins originating on
apposed cell surfaces. Thus, in the crystal and, we propose, that
in intercellular junctions as well, the two monomeric components
of a trans dimer interact with monomers belonging to different
trans dimers, as illustrated in Fig. 2B. In our “anisotropic” inter-
action model these properties are accounted for as follows.
Monomers are treated as “dipoles” whose directions reflect
the projection of their bent ectodomains onto the lattice plane.
Dipoles may orient toward any of the four possible directions of
the 2D square lattice, hereafter denoted as N, E, S, and W (for
north, east, south, and west). Thus, there are four types of 4
monomers (dipoles) in our model, Ag, Ay, etc. in the top layer;
Bg, By etc. in the bottom layer. Two monomers belonging to
the same membrane interact with each other only if they occupy
nearest neighbor sites along the same axis, e.g., a pair Ay — Ay
lying along the § — N axis. Thus, a monomer can interact (via its
cis interface) with, at most, z = 2 nearest neighbors, which must
be of the same kind. The cis interaction energy—corresponding
to the free energy change upon the dissociation of a cis dimer is
denoted as Ag° (cis), with Ag®(cis) > 0 for attractive interactions.
Consistent with the crystal structure, we impose the condition
that an A monomer can form a #rans dimer only with a B mono-
mer whose dipole is rotated clockwise by 90°, e.g., Ay can only
bind to Bg yielding the frans dimer Dyg,(Dyg =Ay — Bg).
Because cis dimers can only form between monomers of the same
orientation it follows that the two monomers of a given frans
dimer must lie in different plans, as in the crystal. Owing to
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the directionality of their constituent monomers, it follows that
trans-dimers adhere only to nearst neighbor trans-dimers of
the same kind (“chirality”), e.g., Dyg to Dyg. Assuming that
dimer—dimer interactions are entirely due to the adhesive cis
interfaces of their monomers, and that these are no different
from those between isolated monomers, it follows that the inter-
action energy between neighboring cis dimers is also Ag® (cis).
Note, however, that every frans dimer can interact with up to
z = 4 other dimers, two via the cis interface of the monomers
in the top layer 4, and two with the orthogonally oriented mono-
mers in the bottom layer, B. The nearest neighbor interaction
energy between a properly oriented monomer—dimer pair (e.g.,
Ay — Dyg) is also Ag® (cis), and zero otherwise.

Monomers, for which z = 2, can self assemble into 1D aggre-
gates along one of the four lattice directions. As is the general
case for interacting particles in 1D, the average length of the ag-
gregates is always finite (increasing with the total concentration
of monomers and the attraction energy between them; see e.g.,
ref. 31). On the other hand, interacting particles in 2D—trans
dimers in the present context—can undergo a first order phase
transition to a macroscopic condensed phase, which we here in-
terpret as a junction. The 1D oligomers of cadherin monomers
are obviously more “fragile” than the 2D dimer islands. Thus,
1D oligomers may appear transiently in the system but are not
expected to interfere with junction formation.

The total energy of the system, corresponding to a given
distribution of monomers and dimers among the lattice sites,
is given by

E=- {Z(NA,-A,» +Nggp,) + ;Nokuk

i

+ Z(NDkAkz +NDkka):| Ag°(cis) — NpAgl(trans)  [1]
3

where N 44, is the number of 4; — A; pairsin the lattice,i = N, E, S,
or W; Np, p, is the number of D, — D, dimers, with k = NE, ES,
SW, or WN; and Np, 4, denotes the number of adhesive contacts
between dimers and A monomers, e.g., Dyg — Ay etc. The last
term in Eq. 1 is the sum of #rans dimer energies, with Np =
>«Np,. Note that the energy is measured relative to a reference
state where all cis and all frans dimers are dissociated.

In our MC simulations whose results are reported in the
following sections we use (Eq. 1) to calculate the energies of
the various lattice configurations encountered in the course of
a simulation run. The entropy of the system is automatically taken
into account through the sampling of the many possible lattice
configurations. Our goal in these simulations is to evaluate
and characterize the strengths of cis and frans energies and the
range of cadherin concentrations enabling the formation of
thermodynamically and structurally stable junctions. Additional
details about the simulation procedure are provided in SI Text.

From 3D Binding Affinities to 2D Lattice Energies. Binding free
energies are derived in general from measurements of equilibrium
concentrations in dilute 3D solutions. In S7 7ext, we relate the dis-
sociation constant (Kp) measured in solution which is expressed
in terms of 3D molar concentrations to kp, the corresponding
dissociation constant on a lattice. In the lattice model, the mem-
brane area is divided into M 2D cells of area a, and molecular
concentrations are expressed in terms of the fractional lattice
occupations x; =N;/M = N;/(A/a) = p;a, where p; is the 2D
density of cadherin species I (either monomeric or dimeric) on
the membrane surface; N; denoting the total number of molecules
of type I, and A is the membrane area. As before, we define Ag®
as the free energy change, per molecule, when the dimer (either
cis or trans) dissociates into monomers on the lattice. In SI Text
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we show that the interaction energies of relevance in the lattice
model, Ag’, and AG®, the corresponding molar binding free
energies measured in 3D solution, are related by

Ag® = AG°/N,, — kT In(ahN,C,) 2]

where N, is Avogadro’s number and C, = 1 mole/liter is the
unit molar concentration. We have previously estimated that
h~10 nm (30). Using, in addition, a ~ 40 nm?, we find ah~
400 nm? = 4 x 1072 liter, implying that the numerical value of
the second term in the last equation is approximately 5.5kT.
The physical reason underlying the lower magnitude of the lattice
binding free energies as compared to those measured in bulk
solution is that in solution the centers of mass of the molecules
can translate continuously throughout space, whereas in the lattice
they are clamped to lattice points. The translational entropy on
the lattice is thus lower than in bulk solution, implying that in a
dissociation process, where two translating particles are produced
from one, the entropy gain on the lattice is smaller than that in
bulk solution. The second term in Eq. 2 compensates for this lattice
bias by reducing the magnitude of the binding free energy. This
correction, like all the equilibrium constants above, is only
valid in the dilute solution limit.

Numerical Results

We have carried out MC simulations for various combinations of
initial concentrations and interaction parameters. The simula-
tions were run typically for several hundred thousands MC steps
until equilibrium has been reached or when the system is trapped
in a metastable state that contains large but separate aggregates.
In all systems considered the overall concentration of monomers
in the two membranes (either as free monomers or dimerized)
were set equal: x4 =x) =x° so that x0 =x, +xp =xp +xp.
The initial setup constitutes 100 cadherins distributed on each
of the two-layer lattice sites. The lattices employed vary in size,
between 25 x 25 to 100 x 100 sites, all with periodic boundary
conditions, corresponding to three different overall monomer
concentrations: 1%, 4%, and 16% (x° = 0.01, 0.04, and 0.16).

Cis-trans Coupling in Junction Formation. Fig. 3 shows three simula-
tion snapshots of the anisotropic model, all for the total concen-
tration x° = 0.16. Fig. 34 describes a configuration of a system
with strong trans binding (Ag®(trans) = 6kT) but no cis interac-
tions (Ag’(cis) = 0). This system is an ideal 2D reactive

A B C

Fig. 3. Three simulation snapshots of the anisotropic lattice model. In all
cases the overall monomer concentrations are 16% (i.e., xg = xgE
x° = 0.16). For clarity we use here a simpler notation, whereby red and green
circles represent cadherins from the top and bottom membranes, and the
larger, blue, circles denote trans dimers. (A) Ag°(trans) = 6kT and
Ag®(cis) = 0. The monomers and trans-dimers are in chemical equilibrium
with each other, randomly dispersed among the lattice sites. (B) Both cis
and trans interactions are sizeable: Ag®(cis) = 4kT and Ag°(trans) = 6kT.
The concentration of dimers is large enough and the lateral interaction
between them strong enough to drive their condensation into well-defined
ordered junctions. (C) Trans binding is weak, Ag®(trans) = 2kT, and cis inter-
actions are as large as in B, Ag°(cis) = 4kT. The laterally attracting monomers
aggregate into linear oligomers which in some cases involve the monomers
belonging to trans dimers. The overall concentration of trans dimers is below
the threshold concentration necessary for their 2D condensation into dimers.
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(A4 B 2 D) mixture containing equilibrium proportions of
monomers and dimers. Under these conditions of relatively high
cadherin concentration and large frans binding energy most
monomers associate into dimers: xp/xy =xp/xp~7/3 ~2.33.
No clustering of either dimers or monomers is noticeable, reflect-
ing the absence of cis interactions.

Fig. 3B describes a system with the same frans binding energy
as in Fig. 34, Ag(trans) = 6kT, but the lateral interactions are
also strong now, Ag°(cis) = 4kT. The formation of cadherin-
mediated junctions, manifested here as condensed islands of trans
dimers, are clearly apparent, coexisting with a dilute “vapor”
phase containing a small number of dimers in chemical equili-
brium with a few monomers. Such equilibrium exists in principle
in the condensed phase as well, except that the overall density
there is so high that monomers cannot be seen. The overall num-
ber of dimers in the system of Fig. 3B is much larger than in
Fig. 34 (xp/x° = 0.9 vs. 0.7), most of them in the condensed
phase, revealing that in addition to being necessary for inducing
the formation of a junction, strong cis interactions also bias the
monomer—dimer equilibrium in favor of the frans dimers. A final
point regarding Fig. 3B is that the two large islands seen there
correspond to two different dimer symmetries (NVE vs. SW), each
of which exhibits both translational and orientational order.
Eventually, on a time scale much longer than that of our simula-
tions, the two islands should coalesce into one. As in any simula-
tion there are finite size effects in our system which, in the context
of junction formation, are not unrealistic because of the limited
number of cadherins in the system.

Finally, to demonstrate the coupling between cis and trans
interactions in the system we show, in Fig. 3C, a simulation snap-
shot from a system where the cis interaction is the same as in
Fig. 3B (Ag°(cis) = 4kT), but the frans interaction is weaker than
in the two previous snapshots: Ag®(trans) = 2kT. No junctions
(i.e., trans dimer islands) are seen now, despite the strong cis
interaction. This is because the number of frans dimers in the
system when Ag®(trans) = 2kT is low, below the threshold
concentration for dimer condensation. Comparing Fig. 3B with
Fig. 3C, we note that, for a given total concentration of cadherins
in the system, there are certain threshold values of both the cis
and the trans interactions, below which junction will not be
formed. Moreover, these minimal cis and frans interactions are
coupled to each other and depend on the overall protein concen-
tration in the system, as discussed on a more quantitative basis
in the following section.

The formation of a junction is, thermodynamically, a first
order 2D phase transition that can only take place if the concen-
tration of the interacting particles (trans dimers in our case) and
the strength of the lateral interactions between them exceed
certain threshold values. On the other hand, the aggregation
of monomers is a 1D process, which can take place at any con-
centration and for any Ag®(cis) > O cis interaction, yet it always
results in the formation of linear oligomers of finite size. In
analogy to other systems of linearly self-assembling particles,
their average length can be shown to increase in proportion to
the square root of the total concentration of monomers and
exponentially with their adhesive energy (31). Linear arrays of
A (red) and B (green) monomers are indeed seen in Fig. 3C, some
of which involving also (the monomeric components of) trans
dimers. Finally, it may be noted that if monomer-monomer
interactions were isotropic rather than directional, i.e., taking
place along all lattice directions (z = 4), they would tend to form
uncorrelated 2D aggregates in the two monolayers, thus present-
ing a kinetic barrier to the formation of #rans dimer junctions.

Phase Diagram. To evaluate the range of conditions favoring the
formation of junctions we have carried out three series of MC
simulations, corresponding to three different overall monomer
concentrations (x° = 0.01, 0.04, 0.16). Each series consists of
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several different combinations of Ag® (trans) and Ag° (cis), in
order to examine whether a condensed phase has or has not been
formed. Fig. 4 presents phase diagrams in the Ag® (cis) vs. Ag®
(trans) plane, where each of the curves shown delineates the
boundary between the mono-phase and two-phase regions
corresponding to the given value of x°. Any point inside the
enclosed area (at the bottom-right part) of the diagram lies within
the two-phase region, where a junction phase coexists in equili-
brium with a dilute vapor phase. For our present purposes, rather
than using more rigorous statistical-thermodynamic methods to
determine the phase boundaries (e.g., heat capacity changes),
we sufficed here in a simpler approach and identified junction
formation by the visual observation of well-defined dimer islands.
Thus, for example, the curve in Fig. 4 corresponding to a total
monomer concentration of 4% reveals that for a junction to form
Ag® (trans) must be at least 4kTand Ag® (cis) must be larger than
5kT. The mutual dependence of Ag® (cis) and Ag° (trans) along
the phase boundary line is a direct reflection of the cis—trans
coupling in determining the feasibility of junction formation.
The figure reflects also the strong concentration dependence
of the junction formation process.

Using MC simulations and approximate mean field solutions
we have also analyzed the isotropic lattice model briefly men-
tioned earlier. Some of the predictions of this model are in
qualitative agreement with the anisotropic models considered
here, e.g., the phase diagrams exhibiting cis—trans coupling in
junction formation.

It is clear from Fig. 4 that the predictions of the simulations
depend on the values of the parameters used. We have deter-
mined the trans binding free energies in bulk solution for
E- and N-cadherin as Ag%(trans) =9 and 11kT, respectively,
corresponding (using the approximately 5.5kT lattice correction
from Eq. 2) to between about 3.5 and 5.5k7, (7). According to
Fig. 4, these values are, roughly, in the range allowing junctions
to form, provided Ag® (cis) is no less than about 4kT. Steinberg
and coworkers (32) have produced cell lines with expression
levels ranging from about 25,000 to 250,000 molecules per cell
which, for 10 pm diameter cells, correspond to values of x°
ranging between about 0.01 to 0.1. Thus, the phase diagrams
shown in Fig. 4 present results for concentration ranges that
are physically meaningful. More detailed theoretical and compu-
tational analyses are now in progress, relating the cis and trans
binding energies of cadherins in 3D solution to those prevailing
in the quasi 2D adhesive interface between two cells. A somewhat
related problem involving the association of integral membrane
proteins has been treated previously (33).
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Fig. 4. Phase boundaries between the dilute one-phase region (left and
above each curve) and the two-phase region, marking the appearance of
a condensed junction phase consisting of trans-dimers.
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The Diffusion Trap Mechanism. In general, upon initial cell-cell
contact, the adhesive region between two cells is considerably
smaller than their total area. That is, membrane curvature effects
would be expected to prevent most cadherins from reaching one
another, except in the contact zone. In such cases the cadherins
tend to diffuse from distal regions to the contact zone, enhancing
the concentration in the contact zone and depleting the distal
ones. There have been previous theoretical treatments of related
phenomena reported in the literature for other systems (34, 35).
This process, with the contact zone serving as a “diffusion trap”
(36, 37), takes place even in the absence of lateral interactions.

To visualize the role of the diffusion trap we show in Fig. 5 two
simulation snapshots of a system consisting of 50 x 50 lattice sites,
containing a central contact zone—the trap—comprising 10 x 10
lattice sites, surrounded by a wide belt of lattice sites representing
the region of large intermembrane separation. In these simula-
tions A and B monomers diffuse anywhere on the lattice but
trans dimer formation can only take place in the contact zone.
Two systems are contrasted in Fig. 5, both with the same average
total concentration (4%) and the same frans binding energy
(Ag°(trans) = 6kT), with Ag®(cis) = 0 in Fig. 54 vs. Ag®(cis) =
4kT in Fig. 5B. As expected, the total concentration in the trap
is enriched even in the absence of lateral attraction; from 4% to
about 15% in Fig. 54, with most monomers associated into—
randomly scattered—trans dimers. A dramatically different
behavior, both qualitatively and quantitatively, is exhibited when
cis interactions are turned on, as shown in Fig. 5B. The lateral
interactions are now strong enough to drive most of the cadherins
(~80%) into the contact zone, which constitutes just a small
region (4%) of the total area, corresponding to enrichment by
a factor of 20, as compared to 3.5 in Fig. 54. Moreover, within
the trap, practically all cadherins condense into a ordered, tightly
packed, junction of frans dimers. Note also that if the contact
zone were simply the entire membrane area, then for the same
cis and trans energies and overall concentration (4%) considered
in Fig. 5B, we conclude from Fig. 4 that under these conditions a
junction will not form because the point Ag’(trans) = 6kT,
AgO(cis) = 4kT lies outside the two-phase region. It is the
dramatic buildup of molecules in the contact zone combined
with the synergetic roles of frans dimerization and cis mediate
aggregation that drives junction formation.

A B

Fig. 5. A diffusion trap comprising 10 x 10 lattice sites in the center of a 2D
lattice of 50 x 50 sites, with periodic boundary conditions. Trans dimer forma-
tion can only take place in the central zone—the trap. The distance between
membranes in the surrounding region is too large to allow trans dimer
formation. In both snapshots shown, Ag°(trans) = 6kT and the average
monomer density is x° = 0.04. The trap area is 4% of the total area. (A) No
lateral attraction between monomers and/or dimers, Ag®(cis) = 0. After equi-
libration the overall concentration in the trap increases to nearly 14%. (B)
Here, Ag®(cis) = 4kT. Monomers migrate into the trap where they dimerize,
enriching the trans dimer population in the trap. The strongly attracting
dimers condense into an ordered island attracting additional cadherin
molecules into the trap. The higher concentration of cadherins in the trap
enahances their dimerization, while the strong cis binding encourages their
lateral condensation into a junction.
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Discussion

Our primary goal in this work has been to present a mechanism
explaining how junctions can be formed from cadherin molecules
that undergo frans interactions with other cadherins on opposing
cells and cis interactions with molecules on the same cell. Our
basic hypothesis has been that a junction comprises an ordered
2D lattice that can be viewed as a thermodynamically condensed
phase of trans-dimers, held together by attractive cis interactions.
An anisotropic lattice model has been constructed with cis inter-
actions based on crystallographic evidence that identifies a dis-
tinct lateral adhesive interface between neighboring molecules
(6). However, it is important to emphasize that the results
presented here are not dependent on the fine structure of the
model but, rather, represent general properties of at least some
adhesion receptors. Specifically, if there is only one lateral
interface formed between two receptor proteins, this can only
lead to a linear (1D) array of molecules, as seen for example
in a single layer of C-cadherin crystal lattice, or in the linear array
formed by unliganded ephrin receptors (38). In contrast, for
cadherins, the formation of an adhesive frans dimer provides
two sets of lateral interactions that are oriented in different
directions, thus allowing for the formation of a 2D lattice.

A key result of the model is that junction formation is a coop-
erative process involving both frans and cis interactions. In the
absence of cis interactions, frans dimers would be formed but
no ordered structure would be observed. Localization of mono-
mers in a contact zone through a diffusion trap mechanism
substantially enhances frans dimer formation, but a junction will
not be formed in the absence of lateral cis interactions of suffi-
cient magnitude. Moreover, there may be upper limits to the
strength of trans interactions determined by the requirement that
cell—cell adhesive strengths be relatively weak upon initial cell-
cell contact (e.g., prior to junction formation) (30). On the other
hand, the phase diagrams in Fig. 4 show that there is a concen-
tration dependent lower limit for Ag® (frans) below which no
junction will form, independent of the magnitude of Ag® (cis).

Additional constraints involve the strength of cis interactions.
Specifically, because receptor clustering initiates a variety of
downstream signaling events, it is essential that lateral interac-
tions are not large enough to drive the clustering of cadherin
monomers in the absence of cell-cell contact. This of course is
not a problem if cis interactions are weak, yet as argued above,
they must be strong enough to drive junction formation. How can
both requirements be met? One possibility is that cis interactions
are weak in monomers and strong in dimers. Because there is
nothing preventing the putative monomer interface to be identi-
cal to that observed in dimers, differences in the strength of cis
interactions in monomers and dimers could only be realized
through a mechanism not involving the interface itself. In this
work we have assumed that the strength of cis interactions is
identical for the monomer and dimer and, nevertheless, cluster-
ing is only observed for the dimer. This is a consequence of the
fact, mentioned above, that 1D interactions cannot drive a first
order phase transition. Short monomer oligomers could poten-
tially be formed when cis interactions are large enough, but their
aggregation into a condensed 2D phase is not possible. Trans
dimers, in contrast, are structured so as to allow the formation
of an ordered 2D lattice.

The relationship between cadherin binding free energies in
bulk (3D) solution, and the corresponding (2D) binding free
energies when the cadherins are bound to lipid membranes is
complex. We estimated the interaction energies used in the lattice
model based on an approximate model for the quasi 2D interac-
tion zone between the adhering cells. The question of deducing
2D binding free energies from 3D measurements extends far
beyond the use of a lattice model. In the absence of direct
measurements of 2D energies, a theory addressing this issue is
both important and challenging. Such theory should, for instance,
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take into account the different amplitudes of EC1 fluctuations
along the membrane normal in the monomer vs. frans dimer
states, the role of membrane fluctuations, and the different num-
bers and characters of the translational and internal (rotational
and vibrational) degrees of freedom of the interacting cadherins
in 2D vs 3D. A detailed study addressing these issues is underway.

The results presented in this work are not intended to present a
quantitative picture of the energetic basis of adherens junction
formation, but rather to describe the physical principles that
underlie this process. To summarize, we begin with the widely
accepted premise that the initial recognition event upon cell—cell
contact involves the formation of #rans-dimers between cadherin
monomers located on apposing surfaces. Cis interactions then
mediate the clustering of these dimers into ordered structures
that correspond to junctions. We have argued that junction
formation is a cooperative process involving both cis and trans
interactions; trans dimers form in the absence of cis interactions
but their number is increased, as does the overall adhesive
strength, when a transition to an ordered condensed phase is
enabled by the existence of cis interactions with a well-defined
directionality. Moreover, since it is essential that downstream
signaling not occur in the absence of cell-cell contact, the system
must be designed so as to avoid lateral clustering in the absence
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can only form 1D aggregates, whereas cadherin dimers can form
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Although we have focused here on cadherins, it is worth noting
that receptor clustering is a prevalent mechanism of intercellular
signaling, observed for example in the formation of the immuno-
logical synapse (39, 40) and in ephrin-mediated cell-cell interac-
tions (41, 42). Although the molecular details that characterize
each of these systems are quite different, the basic principles
are likely to be related to those discussed here. Indeed, as men-
tioned above, a recent report of the crystal structure of ephrin A
and its receptor (38) reveals a combination of functionally
important cis and frans interactions in the crystal lattice that is
quite similar to those discussed here.
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