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Crystal structures of many cell–cell adhesion receptors reveal the formation of linear
“molecular zippers” comprising an ordered one-dimensional array of proteins that form
both intercellular (trans) and intracellular (cis) interactions. The clustered protocadher-
ins (cPcdhs) provide an exemplar of this phenomenon and use it as a basis of barcoding
of vertebrate neurons. Here, we report both Metropolis and kinetic Monte Carlo simu-
lations of cPcdh zipper formation using simplified models of cPcdhs that nevertheless
capture essential features of their three-dimensional structure. The simulations reveal
that the formation of long zippers is an implicit feature of cPcdh structure and is driven
by their cis and trans interactions that have been quantitatively characterized in previous
work. Moreover, in agreement with cryo-electron tomography studies, the zippers are
found to organize into two-dimensional arrays even in the absence of attractive interac-
tions between individual zippers. Our results suggest that the formation of ordered
two-dimensional arrays of linear zippers of adhesion proteins is a common feature of
cell–cell interfaces. From the perspective of simulations, they demonstrate the impor-
tance of a realistic depiction of adhesion protein structure and interactions if important
biological phenomena are to be properly captured.

clustered protocadherins j adhesion proteins j ordered protein assemblies j cell–cell interfaces

The formation of assemblies of adhesive proteins in cell–cell contact regions is a
well-characterized phenomenon common to multiple systems (1–5). Some of these
assemblies involve the formation of ordered two-dimensional (2D) quasi-crystalline
structures that are nearly identical to a single layer formation seen in crystal structures
of that protein (6, 7). The more common observation is the presence of one-
dimensional (1D) linear “zippers” that also appear to form in cell–cell contact regions
(8–11). All adhesion proteins form apposed cell (trans) interactions but ordered struc-
tures require a regular arrangement of the same cell (cis) interactions as well (11–16).
The evolutionary design of proteins that form lattice-like structures clearly suggests
that such structures play a functional role. One possibility is that the regular arrange-
ment of the extracellular domains of adhesion receptors generates ordered assemblies
of the cytoplasmic domains that are somehow recognized by intracellular factors to
activate downstream signaling. Another possibility suggested by recent studies of adhe-
rens junctions is that rigid ordered structures provide a platform for the coupling of
forces with the cytoskeleton and for the transmission of force between neighboring
cells (8, 17, 18). Perhaps more generally, the existence of ordered structures able to
assemble and disassemble under the influence of various cellular factors offers a basis
for biological control of multiple cellular processes. In this study, focusing on the clus-
tered protocadherin (cPcdh) family, we describe computer simulations aimed at
understanding the mechanism of assembly of adhesion proteins into parallel arrays of
linear zippers. The insights we derive from our simulations, in addition to our insights
into this important protein family, are likely to be of quite general relevance, in par-
ticular the demonstration that linear zippers form 2D structures even in the absence
of attractive interactions.
In vertebrates, the cPcdhs comprise the largest family within the cadherin superfamily

(19–21). In mice, 58 cPcdhs are organized into three adjacent gene clusters α, β, and γ
encoding 14, 22, and 22 protein isoforms, respectively (22, 23). cPcdhs are single-pass
transmembrane proteins whose extracellular regions consist of six EC domains that, sim-
ilar to classical cadherins, are connected by calcium binding linker regions (24–27).
However, in contrast to classical cadherins, cPcdh trans binding is mediated by an anti-
parallel interface involving EC1–EC4 whereas EC5 and EC6 mediate association in cis
so that the basic structural unit of cPcdhs is a cis-dimer (24, 26–32). Cell aggregation,
as well as structural and biophysical studies, have shown that, with one exception, the
extracellular regions of all cPcdh isoforms engage in strict trans homophilic interactions
through the membrane distal domains EC1–EC4 (24–26, 28–31, 33). In addition to
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these trans interactions, cPcdhs form cis-dimers through an
additional nonoverlapping interface involving the membrane-
proximal EC5–EC6 domains (24, 25, 27, 32–34). In contrast to
the strict homophilic recognition of the trans interactions, cis
interactions occur between different isoforms (34). A model was
proposed for cPcdh-mediated cell–cell interactions where cPcdhs
form extended zipper-like oligomers through alternating cis and
trans interactions (24). This, in turn, led to the suggestion of the
isoform mismatch chain-termination model of cPcdh-mediated
neuronal self-recognition, which depends on the formation of
such linear chains (24, 28, 32). The crystal structure of the
cPcdh-γB4 isoform and cryo-electron tomography (cryo-ET) of
the cPcdh-γB6 isoform linked to liposomes (32) reveals zipper-
like oligomers as predicted by the model (Fig. 1A). Surprisingly,
the cryo-ET structure reveals that these linear protein assemblies
pack against each other as parallel arrays to form larger 2D struc-
tures between membranes even in the absence of an identifiable
attractive interaction between each linear array (32).
The simulation of protein assemblies on membrane surfaces

poses significant challenges. Since the oligomeric structures that
are formed depend on the structures and interactions of the
proteins involved, it is essential that a model capture the essen-
tial features of the relevant proteins. Molecular dynamic (MD)
simulations successfully account for protein structure and ener-
getics but their computational demands are too great to allow
them to be applied to oligomeric assemblies. On the other
hand, theoretical models based, for example, on chemical kinet-
ics or statistical mechanics rarely incorporate the crucial struc-
tural features of individual proteins. However, intermediate
mesoscopic level simulations can capture important elements of
protein structure and are computationally feasible thereby
bridging the gap between high-resolution structure-based simu-
lations and pure theoretical analysis (35, 36). As an example,
lattice-based models have been widely used to study the cluster-
ing of adhesive proteins in different systems. Spatial–temporal
resolution beyond lattice models can be improved using a vari-
ety of particle-based off-lattice models. For instance, MCell and
Smoldyn (37, 38) are both software platforms that exploit off-
lattice models. More recently, new platforms such as Spring-
SaLaD and NERDSS have been applied to the study of receptor
clustering in cell signaling and protein self-assembly (39, 40).
However, none of these approaches take protein structure into
account.
Here, we introduce two computational models to simulate

the formation of cPcdh oligomers on cell membranes. Both
models are based on the mapping of X-ray structure onto the
simulation system thus allowing us to relate protein-specific
molecular properties to assembly formation. In the first model,
cPcdh proteins are mapped onto a 2D lattice and are allowed to
diffuse, associate in cis and/or trans, and dissociate in individual
Monte Carlo (MC) simulation steps. In the second model, a
higher-resolution domain-based representation of protein struc-
ture is used and assembly kinetics are then guided by an off-
lattice diffusion-reaction algorithm. We observe: (1) 1D zippers
form easily with zipper size dependent on protein concentration
and on cis and trans binding free energies; (2) 1D zippers align
into 2D assemblies even in the absence of attractive interactions
between them; and (3) there is a strong concentration and
interaction strength dependence for the formation of 2D arrays
of linear zippers. Our methods and results have implications for
simulation approaches to study the assembly of other adhesion
receptors and, further, suggest that 1D zippers observed in crys-
tal structures are likely to appear as 2D assemblies in cell–cell
contact regions.

Results

Lattice Simulations.
cPcdhs form long zippers whose length is affinity and concentra-
tion dependent. Fig. 2 displays representative snapshots of the
last step in simulations for different combinations of cis and
trans affinities (using 4% lattice occupancy). We note that bio-
physical and cell aggregation studies showed that cPcdh proteins
forms strong and independent cis and trans interactions that are
mediated by two nonoverlapping interfaces (24). Indeed, as is
evident from Fig. 2 A and B, in our simulation when only trans
or cis interactions are present, many trans- or cis-dimers are
formed, respectively, but no zippers are formed. However, when
both ΔGD(cis) and ΔGD(trans) are positive, most proteins
assembled into zippers (Fig. 2 C–F). Moreover, as can be seen
in Fig. 2, increases in either cis or trans affinity drives the forma-
tion of longer zippers. We examined the relationship between
zipper length (defined as the number of monomers in the zip-
per) and protein concentrations and dimerization affinities. The
average and maximum length were calculated for zippers formed
at the last MC step, averaged over 20 simulations (SI Appendix,
Figs. 2 and 3A). We found that at lower cis and trans affinities
many short zippers were present while long zippers were essen-
tially absent. In contrast, as the cis and trans interactions
increase in strength, or as concentration increases, longer zippers
are observed while, as a result, the number of short zippers cor-
respondingly decreases (SI Appendix, Fig. 3B).
Zippers form 2D arrays. A surprising result from the cryo-ET
images of the cPcdhγB6 isoform attached to liposomes, is that
cPcdhs organize as a 2D array of linear zippers (32). This raised
the possibility that, in addition to the known cis and trans
interfaces, there is an additional protein–protein interaction
responsible for the formation of a 2D array. However, no such
interaction could be identified in the cryo-ET images. We
therefore examined whether parallel zippers would form in our
simulations and under what specific conditions.

Fig. 3A presents simulation results for 4% lattice occupancy
and where trans interactions can form in the full lattice (no dif-
fusion trap), a 5% diffusion trap, and a 2.5% trap. As shown
above, long zippers are formed when there is no trap present. In
contrast, in the presence of diffusion traps, long zippers are
formed whose size is limited only by the dimensions of the trap.
Moreover, when the zippers are allowed to rotate as a unit (see
Materials and Methods), thereby allowing adjustments in their
orientation, they tend to align in parallel to form 2D arrays.
Fig. 3B presents results for a 5% trap size for different concen-
trations. As the bulk concentration increases more zippers are
formed with most of them forming a 2D stacked array. Clearly
these zippers will form organized 2D arrays even in the absence
of interzipper interactions. When we prevented the rotation of
zippers on the lattice, during the simulation, zippers still formed
2D stacked arrays, albeit less uniformed (SI Appendix, Fig. 4).
The energetic basis of the formation of 2D stacked array will be
discussed below.

Kinetic MC Simulations.
Dependence of zipper formation on trans-binding affinity. We
tested the dynamics of clustering using different values for on
and off rates. Specifically, the association rate of the trans inter-
action was fixed at 10 ns�1, while the dissociation rate varied
from 0.003 ns�1 to 0.000001 ns�1. These values correspond to
2D KDs ranging from 3 × 10�4 to 10�7 corresponding to 2D
affinities, ΔGD(trans), of 3.5–7 kT, in the range used in the lat-
tice simulations. A relatively high association rate was used to
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accelerate the simulations so that results are obtained in compu-
tationally feasible times. Lowering the association rate would
slow down the kinetics of zipper formation but would not affect
other behaviors of the systems. Further, we assume that the asso-
ciation and dissociation rates of a trans interaction are indepen-
dent of its oligomeric status, (i.e., the dissociation rates of a trans
interaction between two cis-dimers in a zipper are the same as
when they are not in a zipper). Nevertheless, dissociation of a
cis-dimer in the interior of a zipper will be slower than it will be
for an isolated cis-dimer since, for dissociation to occur, two
trans bonds must be broken in the interior of a zipper—an ener-
getically unlikely event—while only one is broken for cis-dimers
not in a zipper.
In each simulation, 200 cis-dimers are randomly distributed

on each surface of dimension 500 nm × 500 nm. The simula-
tion results under these different conditions are summarized in
Fig. 4. Changes over time of the number of trans interactions
and zipper properties are shown in Fig. 4 A–D for a representa-
tive trajectory with dissociation rate of 0.00001 ns�1, while the
dependence of these features on the dissociation constant is
shown in Fig. 4 E–H.

The total number of trans-dimers increases quickly at the
beginning of the simulations but saturates after ∼1.5 × 107 ns
(Fig. 4A), while the total number of zippers reaches a maxi-
mum at 0.25 × 107 ns and then starts to decrease through the
end of the trajectory (Fig. 4B) corresponding to the formation
of longer zippers (Fig. 4 C and D), which are still growing at
the end of the simulation. Taken together, these kinetic profiles
suggest that the clustering of protocadherin is a two-step pro-
cess. During the first stage of clustering, the total number of
zippers in the system increases quickly but the length of each
zipper is relatively small. In the second step, the total number
of zippers decreases, the total number of trans interactions
increases slowly, while zipper length continues to increase. This
would appear to result from a process where short zippers disso-
ciate more quickly thus enabling individual cis-dimers and/or
monomers to join larger zippers.

Fig. 5 displays snapshots selected from the simulation trajec-
tories. A large portion of the short zippers (highlighted by
orange arrows in Fig. 5A) that formed during the early stage of
simulations dissociate into individual cis-dimers (highlighted by
gray arrows in Fig. 5B). Concurrently, long zippers, such as the

A B

C

Fig. 1. Modeling protocadherin structure. (A) cPcdh crystal structures shown in top and side views; Left: cis-dimer with separate monomers indicated by
different shades of green; Right: short zipper colored red for cPcdhs from the lower membrane and green for those from the upper membrane. (B) Schematic
representation of cPcdh cis-dimer (Left) and zipper-like assembly (Right) as seen from a top and side views of cPcdh crystal structures. For the MC lattice simula-
tions each cPcdh monomer is represented as a square on the lattice (cis-dimer is depicted as a rectangle). The square colors indicate the membrane affiliation
with red and green for cPcdhs from the bottom or top membranes, respectively. Black squares represent double occupancies by proteins belonging to
apposed membranes. (C) In the initial configuration, cis-dimers are randomly placed on two opposing surfaces shown in a side view and top view for lattice
(Left) and kinetic (Right) simulations.
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one highlighted by the black rectangle in Fig. 5B, continue to
grow through a multistep process where individual cis-dimers
are added on to the chain (Fig. 5C). Because zipper growth has
not reached equilibrium at the end of the simulations, it is
likely that even longer zippers would be observed if our simula-
tions had not terminated.
Fig. 4E shows that the number of trans-dimers increases as the

binding affinity increases but at dissociation rates greater than
0.00003 ns�1 the number of dimers levels off while the total
number of zippers increases slowly (Fig. 4F). As shown in Fig. 4
G and H, zipper size is found to increase for weak trans-binding
affinities, reaches a maximum at a dissociation rate of approxi-
mately 0.00003 ns�1, and, for the strongest binding affinities (i.e.,
dissociation rates of 0.000003 ns�1 or 0.000001 ns�1), zipper size
decreases. These results suggest that strong trans interactions kinet-
ically trap cPcdhs into small zippers, although thermodynamically,
the system still prefers the formation of fewer longer zippers as
seen clearly from the lattice simulations described above. However,
these processes are beyond the time scales that our current simula-
tions can approach.
Dependence of zipper formation on concentration.To illustrate the
concentration dependence of zipper formation, we fixed the total
number of cPcdhs in the system and changed the size of the sim-
ulation box. Specifically, three systems were constructed. In each
case, 100 cis-dimers are placed on each surface with dimensions
250 nm × 250 nm, 354 nm × 354 nm, and 500 nm × 500 nm,
respectively. The association and dissociation rates in all three sys-
tems were fixed at 10 ns�1 and 0.00003 ns�1, respectively.

At the end of each simulation, we counted the total number of
trans-dimers and the total number of zippers formed. The corre-
lation between the area of the simulation box and total number
of trans-dimers is plotted as a bar chart in SI Appendix, Fig. 5A
while the correlation between the size of the simulation box and
total number of zippers is plotted in SI Appendix, Fig. 5B. The
figures show that larger numbers of trans interactions were
formed under higher concentrations (smaller size of simulation
box) while, correspondingly, these assembled into fewer zippers.

We counted the length of each zipper observed at the ends
of the simulations in all three systems. SI Appendix, Fig. 5C
presents the distributions of zipper length under all three con-
centrations as a box-whisker plot. The figure indicates that sim-
ulations under higher concentrations systematically resulted in
longer zippers than the simulations under lower concentrations.
Given the distribution of zipper length in these three systems,
we further applied one-way ANOVA to test the statistical signif-
icance of our observation, which yielded a calculated F-statistic
score of 8.5 with a P value of 0.0001, suggesting that variations
of zipper length under different concentrations are statistically
significant. Based on this statistical result, and consistent with
our lattice simulations, a higher concentration of cPcdhs facili-
tates the formation of zippers with longer length.
Packing of zippers into 2D arrays. In order to estimate the role of
the diffusion trap in regulating cPcdh clustering, we created a cir-
cular zone in the center of the simulation box to mimic the contact
area between two cells. The size of this region grows dynamically
over the course of the simulation with its radius initially set to zero

Fig. 2. cPcdhs form long zippers whose length is dependent on both cis and trans affinities. Simulation snapshots from the 2D lattice model with green
squares representing cPcdhs from top membrane, red squares representing cPcdhs from the lower membrane, and black squares representing double
occupancies by proteins belonging to apposed membranes. Protein concentration in each simulation was set to 4% of the total grid size (200 proteins in
total). (A and B) snapshots of the grid when either cis or trans interactions are absent, zippers-like arrays do not form. (C–F) An increase in the trans or cis
affinities results in longer zipper arrays represented as linear black rectangles.
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reflecting a state before the two cells are in contact. The radius is
increased linearly with the simulation time, mimicking the growth
of the contact area between two cells driven by the formation of
trans interactions. Cis-dimers were allowed to diffuse anywhere on
the 2D surface, but trans interactions are only allowed to form
within the circular region.
Fig. 6 shows a few representative snapshots selected from the

simulation. It is clear from the figures that the cPcdh concentration
gradually increases in the contact zone and, in parallel, long zippers
are formed. Moreover, as was observed in the lattice simulations,
the zippers tend to pack in parallel into 2D arrays. Although there
is no energetic interaction between cPcdhs in different zippers, the
simulation clearly demonstrates, in agreement with the lattice sim-
ulations, that zippers increasingly align as the contact zone grows
in size, leading to the formation of ordered 2D arrays.

Discussion

Here, we report the development of two distinct models and
algorithms that simulate the assembly of cPcdhs into long linear

assemblies (zippers) in cell–cell interfaces. One model, involving
lattice-based simulations, reaches thermodynamic equilibrium
while the other, domain-based off-lattice approach, provides
kinetic insights. Both models represent crucial 3D features of the
interacting proteins although the domain-based model provides
much greater molecular detail. Both simulations reproduce
experimental observations and, more generally, reveal general
principles that are relevant to the behavior of other adhesion
receptors. In the following, we first compare the results of both
models which, despite their differences, are seen to provide a
consistent and unified picture of zipper formation. We then
address specific questions that relate to cellular systems; why and
how do long zippers form and why do they stack into ordered
2D arrays. Finally, we discuss the relationship of our findings to
the behavior of other cell-surface proteins in cell–cell interfaces.

Comparing Lattice-Based Metropolis MC Simulations to Domain-
Based Kinetic MC Simulations. The lattice-based and domain-
based simulation models in this study are complementary. The
fewer degrees of freedom in the lattice simulations result in greater

Fig. 3. cPcdhs zippers form 2D arrays at high protein concentration. Simulation snapshots of the 2D lattice model. Colors in (A) and (B) represent cPcdhs mem-
brane origins (red, bottom membrane; green, top membrane; black, double occupancies by cPcdhs belonging to apposing membranes). Diffusion traps compris-
ing 8 × 8 lattice sites (A1) or 11 × 11 (A2 and B) is shown in the center of 2D lattice of 50 × 50 lattice sites. When a diffusion trap is present, trans-dimer formation
only occurs in this contact zone. In all simulations ΔGD(trans) = 4 kT and ΔGD(cis) = 7 kT. (A) Results of three simulations that differ by diffusion trap size. Long
zippers appear in all three simulations, but the size of the zippers is limited by the size of the diffusion trap. In addition, decreasing the cell–cell interaction area
(no diffusion trap to 2.5% diffusion trap) prompts zipper cluster formation. (B) Results of three simulations that differ in protein concentration. In all three simu-
lations long zippers appear, however, zippers tend to cluster only at protein concentrations of 4% and more significantly at concentrations of 10% (B2 and B3,
respectively). (C) Magnification of the diffusion trap area (gray area) in (B). Each zipper-like assembly is depicted by a different color.
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computational efficiency allowing us to explore a wider range of
binding affinities and concentrations and for the simulations to
equilibrate. In contrast, the representation of cPcdhs and their
interactions in the kinetic MC simulations is more realistic and,
moreover, provides insight into the kinetics of zipper formation
not accounted for in the lattice simulations. Together, the two
sets of simulations provide a consistent picture of how ordered
arrays of linear zippers are formed in cell–cell interfaces.
Both models predict that cPcdhs form long zippers and both

predict that increasing cis and/or trans affinities and/or bulk
concentration increases the propensity to form long zippers.
That zipper formation is driven by larger affinities is of course
not surprising, but it is perhaps less clear why fewer long zip-
pers are favored over a greater number of short zippers. This
observation is discussed further in the next section. That
increasing bulk concentration also drives zipper formation can
be understood in terms of any association process; there is a
smaller entropic penalty for pulling monomers out of solution
(in this case a 2D fluid) as bulk concentration increases. Of
note, zippers formed in the lattice-based simulations are much
longer than those formed in the domain-based off-lattice
model. This is probably due to the fact that the discretized
rotations and diffusion in the lattice model make the formation
of long one-dimensional structures easier to achieve in the sim-
ulations. Indeed, as noted above, the off-lattice simulations
have not yet reached equilibrium.

Of particular interest, both methods also show that, under
the high concentrations generated within the diffusion trap, lin-
ear zippers can laterally stack together into two-dimensional
clusters. Moreover, although both models predict that the zip-
pers pack in the diffusion trap region to form 2D arrays, the lat-
tice model predicts a greater extent of parallel packing. Finally,
as can be seen by comparing Fig. 3 with Fig. 6, the stacking of
zippers in the off-lattice model is not as compact as in the lattice
model. This difference arises from inherent features of both
models; in the lattice model two zippers can be spatially aligned
along the nearest neighbor lattice points, while in the domain-
based model, cPcdhs are not allowed to move after they aggre-
gate so that they cannot be further adjusted so as to optimize
packing. We anticipate that future improvements in the off-
lattice simulations will enable the generation of more compact
configurations.

Why Do Long Zippers Form? When either cis or trans affinities
are set to zero while the alternate interaction is significant, indi-
vidual trans- or cis-dimers are formed, respectively, but no zip-
pers can be formed (Fig. 2 A and B). When both affinities are
increased, more zippers are formed with the ratio of the number
of long to short zippers increasing with both affinities (Fig. 2
C–F and SI Appendix, Fig. 3B). This behavior can be under-
stood in terms of cis and trans affinities as these are the only
driving forces present in the system. Energetic terms will favor
the formation of a maximum number of cis and trans interac-
tions while entropy of course opposes assembly processes. A crit-
ical feature of the system is that each zipper has two
“unsatisfied” trans interactions at each end of the zipper. Thus,
long zippers with fewer termini will always be energetically
favored over short zippers but entropy will always favor shorter
zippers. As the trans affinity increases the tendency to form long
zippers will also increase.

The formation of fewer long zippers over many short zippers
resembles (at least superficially) the well described phenomenon
of Ostwald ripening, the thermodynamically driven dissolution
of small crystals in solution and their redeposition on the surfa-
ces of larger crystals (44). In both cases, the driving force results
from the minimization of unsatisfied interactions at boundaries
where fewer contacts are made than in the crystal interior in
one case and at zipper termini in the other.

The kinetic MC simulations provide interesting insights as
to how long zippers form from short ones. Fig. 5 reveals rather

Fig. 4. Kinetic MC simulations were carried out under different trans inter-
action dissociation rates. The change in total number of trans interactions
over time and its dependence on the value of dissociation rate are plotted
in (A) and (E), respectively. Similarly, the change in total number of zippers
over time and its dependence on the value of dissociation rate are plotted
in (B) and (F); the change in average length of zippers over time and its
dependence on the value of dissociation rate are plotted in (C) and (G); and
finally, the change in maximal length of zippers over time and its dependence
on the value of dissociation rate are plotted in (D) and (H).

Fig. 5. In order to illustrate the mechanism of zipper formation, we selected
two snapshots from the early (A) and late (B) stages of the kinetic MC simula-
tion. Some short zippers (orange arrows) later dissociate into individual cis-
dimers (gray arrows) that eventually join longer zippers (red arrows). The
detailed kinetics of the growth of a long zipper (highlighted by the black
frame in B) is further specified by a series of enlarged snapshots shown in (C).
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that short zippers dissociate into isolated cis-dimers that can
then undergo rotational and translational diffusions until they
encounter and then associate with the terminus of a growing
zipper. This process is likely enhanced in our simulations since
zippers, once formed, no longer diffuse. In principle, it is possi-
ble that short zippers simply add on to the termini of other zip-
pers but, as pointed out above, this would require the concerted
motion of an array of cis and trans-dimers constrained by the
binding to two apposed membranes. In summary, the formation
of long zippers is driven energetically by the minimization of the
number of zipper termini and is mediated by the attachment of
isolated cis-dimers to these termini.

Why Do Zippers Form 2D Arrays? At the high protein concen-
trations formed within the diffusion trap, both sets of simulations
reveal the assembly of parallel stacks of 2D arrays (Figs. 3 and 6)
that mirror those observed in cryo-ET images of liposomes
coated with the ectodomain of cPcdhγB6 (32). As discussed
above, these arrays form in the absence of any direct energetic
term that might drive the zippers to pack together. Rather, it is
clear that the driving force is simply to maximize the number of
zippers that can form in the contact zone which in turn maxi-
mizes the number of cis and trans interactions. Of note, classical
cadherins form ordered crystalline-like 2D lattices in cell–cell
interfaces driven by both cis and trans interactions, however, there
are few examples of this occurring in other systems. In contrast,
there are many examples of the formation of linear zipper-like
structures and our simulation results suggest that the assembly of
these zippers into stacked 2D arrays, that are crystalline in only
one dimension, may well be a common phenomenon.

Zipper-Like Structure and Clustering in Other Systems.
Although the current study focused on cPcdhs interactions, its

results represent general principles that can be applied to different
proteins that form zipper-like structures. For example, other adhe-
sion proteins such as NCAM, JAM A, and ROBO all form 1D
zippers that can be seen in crystal structures (13, 14, 45). Whether
and how these proteins form 2D arrays is not yet known. The
results of the current study suggest that at high protein concentra-
tions that accumulate in the intercellular contact zone 2D arrays
of linear zipper-like structures are likely to form even in the
absence of lateral interactions between zippers. In fact, in a recent
study of cryo-ET of HEK293 cells over-expressing mouse Downs
syndrome cell adhesion molecules (mDSCAM), it was revealed
that mDSCAM at the adhesion interface assemble as a 2D pattern
composed of linear zippers-like arrays (11). Based on biophysical
and cryo-ET data, the authors suggested that the combination of
cis and trans interactions between the mDSCAM molecules is
crucial to generate the regular pattern found at the adhesion
interface (11), which is similar to the patterns discussed here.

The packing of 1D zipper into clusters of higher dimensions
might also exist in systems of cell-surface signaling receptors, for
example, coregulatory receptors on the surface of T cells that
closely control their activation and differentiation. T lymphocyte-
associated protein-4 (CTLA-4) is one of the most-studied coregu-
latory receptors. Binding of the receptors to its corresponding
ligand B7 on the antigen-presenting cells triggers the coinhibitory
signaling pathways leading to the suppression of T cell functions.
Based on the crystal structure of the human CTLA-4/B7-1 costi-
mulatory complex (PDB: 1I8L), CTLA-4 exists as homodimers
on T cells through an interface formed by highly conserved
residues. Each CTLA-4 in the dimer further binds to a B7 mono-
mer simultaneously, providing the structural basis of a zipper-like
oligomerization (10, 46). Using mesoscopic MC simulation, we
recently showed that the CTLA-4/B7 ligand-receptor complexes not

Fig. 6. A circular zone that grows dynamically was created in the center of the simulation box to mimic the contact area between two cells in the kinetic
MC simulation. Representative snapshots were selected long the simulation trajectory, as indicated by the yellow arrows. The two cell surfaces in the snap-
shots are visualized from the top. The contact areas in the figure are defined by the dashed circles in the center of the surface. cPcdh cis-dimers on the top
and bottom layers of cell surfaces are displayed in green and red, respectively.
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only form linear oligomers, but these 1D oligomers can also align
together into 2D clusters, similar as we observed here for cPcdhs (47).

Materials and Methods

Lattice-Based Metropolis MC Simulations.
Simulation system. We used a grid with 50 × 50 squares with a periodic
boundary to model the 2D interacting membrane surfaces that are represented
as two distinct stacked lattices (Fig. 1C). In each lattice, each of the squares can
be occupied by only one monomer that we assume approximately occupies
∼120 nm2 so that each square edge is ∼11 nm. For a simple visualization, the
two interacting grids are mapped onto a single lattice (Fig. 1C) with different col-
ors representing the proteins’ membrane affiliation. Green colored squares
denote proteins from the top membrane; red colored squares denote proteins
from the bottom membrane; and black colored squares denote squares that
have double occupancies by proteins from both membranes (Fig. 1B).

As seen in the X-ray structures (Fig. 1A), cPcdhs combine cis- and trans-dimers
to form linear zipper-like arrays (Fig. 1A). The cis interaction is mediated by the
membrane proximal domains and result in a V-shape dimer, and the trans inter-
action is mediated by the membrane distant domains (Fig. 1A). The cis and trans
interfaces do not overlap, occupy different sides of the molecule, and are there-
fore independent of each other. To emulate these interactions properties, each
monomer has an angular direction that points to one of eight orientations on the
2D lattice. The angular direction of each monomer also defines the directions of
the cis and trans interactions so that the organization of cPcdh complexes on the
lattice (black colored squares) resembles their 3D structural organization (Fig. 1B).

cPcdhs are presented on the cell surface as cis-dimers but can dissociate into
monomers and reassemble (24, 25, 27). The system was initiated by randomly
placing cis-dimers (green and red rectangles) on the 50 × 50 grid. Fig. 1C (Left
panel) corresponds to the initiation step in the simulation where the number of
molecules is set to a 100 on each membrane for a total of 200 molecules, which
are organized as 100 cis-dimers (50 green rectangles and 50 red rectangles in
the figure). Each step of the simulation is initiated by randomly selecting a pro-
tein from either membrane. The selected molecule can then undergo one of six
possible actions: (1) translational motion—by shifting the molecule and its cis/
trans partners (if exists) to a neighboring position; (2) a rotation of the protein
by 45°; (3) trans association with a molecule on the juxtaposed membrane; (4)
trans dissociation; (5) cis association; and (6) cis dissociation.

During the simulation cis-dimers (represented as rectangles) from each mem-
brane shift and rotate on the grid and can interact in trans, with juxtapose mole-
cules, as long as they satisfy four requirements. First, two protomers must occupy
the same position (i.e., the same square). Second, both proteins must exhibit a
“correct” orientation for interaction, which is based on the crystal structures of
cPcdh trans-dimers. Third, a MC probability test that depends on the parameter
ΔGD(trans). Fourth, the proteins must be located within a contact zone at the
center of the grid (depicted as a gray square). This region corresponds to a
“diffusion trap” because once a trans complex is formed, it is trapped within and
can only diffuse within the contact zone until it is dissociated. As a result, protein
concentrations inside the diffusion trap will exhibit a higher than the average
concentration inside the entire cell. In some simulations the entire 50 × 50 lat-
tice is assumed to constitute a contact zone and therefore there is no diffusion
trap region. When two cPcdhs satisfy all four requirements and bind following
an MC step, the result is either a trans-dimer (consisting of only two proteins) or
a zipper (consisting of three or more proteins in a linear-array, Fig. 1B). Cis asso-
ciations and dissociations were calculated in a similar fashion to trans interac-
tions and dependent on an affinity parameter ΔGD(cis). We analyze both the
number of cis and trans interactions and the number and length of zippers
defined as the number of cPcdh monomers in a zipper.

Since it is reasonable to assume that on the membrane surface, the rotational
motion of long assemblies is restricted, we tested two approaches that take this
into account: (a) assume that complexes of three or more proteins are unable to
rotate; and (b) reduce the probability of rotation of long assemblies using
the sigmoid function, P rotð Þ = 1

eðNp�6Þ+1, where Np represents the number of
proteins in the assembly.

Trans- and cis-dimerization affinities are treated as parameters, as is the con-
centration of cPcdh-dimers on each surface. Below, we discuss the values used
for these parameters, also summarized in SI Appendix, Table 1.

2D binding free energies. While binding free energies can be accurately mea-
sured in the 3D solution environment, cis interactions of interest take place in
the quasi-2D environment of a membrane surface while trans interactions occur
in the limited space between these surfaces and are subject to constraints not
present in solution. Trans KD in solution (3D environment) for cPcdhs range
from 2 to 150 μM (24, 26, 30, 31) and are thus comparable in strength to that
of the classical N-cadherin and E-cadherin which have solution KD(3D)s in the
range of 20–170 μM (41). Based on theory and simulations of protein flexibil-
ity, we have previously estimated free energies, ΔGD(trans), of classical cad-
herin dissociation at the membrane surface to be in the range of 6.7–7.7 kT
(7, 41). In the current simulation, we use similar values for cPcdhs and also
tested lower values of ΔGD(trans). Cis KD(3D) for cPcdhs measured in solution
has comparable strength to that of cPcdh trans interactions and range between
9–80 μM (24, 27, 30). We therefore use similar values for the free energies of
dissociation, ΔGD(cis), as we used in the trans interaction.
Concentrations. Unfortunately, expression levels of cPcdhs remain unknown.
We used a wide range of concentrations that were based on values used in a
previous simulation study of classical cadherin interactions (7). Classical cadher-
ins expression range between 25,000–250,000 molecules per cell (7, 42), which
for a cell with a 10 μm diameter, corresponds to 80–800 molecules per μm2

which, assuming that each monomer occupies 120 nm2 of surface area, corre-
sponds to 1–10% occupancies on the cell surface (7).

Overall, we ran simulations for 729 parameter combinations: nine combina-
tions of cis and nine combinations of trans interactions (both ranging from 0 to
8 kT), three different protein concentrations (1%, 4%, and 10% occupancy of the
grid), and three different contact (diffusion trap) zones (2.5%, 5%, and
no-diffusion trap). For each of the 729 sets of parameters, we ran 20 independent
MC simulations and analyzed the assemblies that formed. All simulations ran for
30 million MC steps and they all reached equilibrium (SI Appendix, Fig. 1).

Domain-Based Kinetic MC Simulations.
Simulation system. Our coarse-grain representation of the crystal structure of
the cis-dimer of cPcdhγB1 (Fig. 1A) is depicted in Fig. 1B. Each of the six EC
domains is represented by a spherical rigid body with a diameter of 4.5 nm,
and the entire ectodomain is thus modeled by six sequentially connected rigid
bodies. Two protomers from the same cell surface are linked by their EC6
domains to mimic a cis-dimer. Two cis-dimers on apposed cell trans interaction
form trans interactions mediated by an anti-parallel interface formed between
their EC1 and EC4 domains. The dihedral angle formed between two neighbor-
ing cis-dimers in a trans interaction is set to 90°, approximately consistent with
crystallographic and electron-tomographic experiments.

The initial configuration of the simulation is shown in Fig. 1C (Right panel). The
interface between two cells is modeled as two flat surfaces separated by 39 nm
that is the approximate end-to-end distance of classical cadherin and cPcdh trans-
dimers. The actual intermembrane spacing is generally smaller, in the 20–30 nm
range, because the monomers don’t extend perfectly perpendicular from the mem-
brane plane. Given the surface density and dimensions of the simulation box, a
corresponding number of cis-dimers are randomly distributed on each surface.

Starting with the initial configuration (Fig. 1C), the dynamics of the sys-
tem are simulated with a kinetic MC algorithm. Each time step in this algo-
rithm involves one of two scenarios; nonreactive and reactive. The length of
each time step was taken as 0.1 ns, a value that was empirically determined
in a previous study to effectively balance accuracy and efficiency (43). In the
first scenario, each cis-dimer is chosen in random order to diffuse stochasti-
cally in two dimensions using 2D periodic boundary conditions. Rotations of
a dimer are with respect to the membrane normal axis, and translational
movements are limited to the membrane plane. The amplitude of each trans-
lation is 0.2 nm and 5° for each random rotation. The probabilities of move-
ments within each time step depend on the translational and rotational
diffusion constants of the dimer and the assigned amplitude of movements
(43). A translational diffusion coefficient of 10 μm2/s and a rotational diffusion
coefficient of 1° ns�1 were adopted from our previous studies (43). If collisions
between any pair of cis-dimers are detected, the new configuration is rejected and
a new diffusion trial is carried out. The simulation will not proceed until all the
intermolecular clashes are removed.

The second scenario simulates the reaction kinetics of the system. Association
between two cis-dimers through their corresponding trans-binding interfaces is
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triggered by two criteria: (1) the distance between the interfaces of two mole-
cules is below the predefined cutoff value; and (2) the relative dihedral angle
formed between two interacting cis-dimers also need to fall below specific
ranges around 90°. If both criteria are fulfilled, an on-rate is further assigned to
determine the probability of trans-dimerization. The probability of dissociation of
a trans-dimer is determined by its off-rate. After dissociation, the corresponding
cis-dimers can either reassociate if their distance and dihedral angle are still
below the cutoff values, or diffuse farther away from each other. We assume
that once a trans interaction has formed, the corresponding zipper, long or short,
no longer undergoes diffusive motion. This simplification was made for compu-
tational efficiency but is also physically reasonable since the concerted move-
ment of weakly bound molecules connecting two membranes is likely to be
much slower than that of a single cis-dimer diffusing on a single cell surface.
Finally, the simulation is terminated after the system reaches a predetermined
length.

Data, Materials, and Software Availability. All study data are included in
the article and/or SI Appendix. The source codes of simulations developed in this
work are available for download at https://github.com/Rubinstein-Lab (48).
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