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ABSTRACT Cadherins are a superfamily of adhesion proteins involved in a variety of biological processes that include the for-
mation of intercellular contacts, the maintenance of tissue integrity, and the development of neuronal circuits. These transmem-
brane proteins are characterized by ectodomains composed of a variable number of extracellular cadherin (EC) repeats that are
similar but not identical in sequence and fold. E-cadherin, along with desmoglein and desmocollin proteins, are three classical-
type cadherins that have slightly curved ectodomains and engage in homophilic and heterophilic interactions through an ex-
change of conserved tryptophan residues in their N-terminal EC1 repeat. In contrast, clustered protocadherins are straighter
than classical cadherins and interact through an antiparallel homophilic binding interface that involves overlapped EC1 to
EC4 repeats. Here we present molecular dynamics simulations that model the adhesive domains of these cadherins using avail-
able crystal structures, with systems encompassing up to 2.8 million atoms. Simulations of complete classical cadherin ectodo-
main dimers predict a two-phased elastic response to force in which these complexes first softly unbend and then stiffen to
unbind without unfolding. Simulated a, b, and g clustered protocadherin homodimers lack a two-phased elastic response, are
brittle and stiffer than classical cadherins and exhibit complex unbinding pathways that in some cases involve transient interme-
diates. We propose that these distinct mechanical responses are important for function, with classical cadherin ectodomains
acting as molecular shock absorbers and with stiffer clustered protocadherin ectodomains facilitating overlap that favors binding
specificity over mechanical resilience. Overall, our simulations provide insights into the molecular mechanics of single cadherin
dimers relevant in the formation of cellular junctions essential for tissue function.
SIGNIFICANCE Multicellular organisms rely on cellular adhesion to survive, and this adhesion is mediated by diverse
sets of proteins that include cadherins responsible for organ assembly and tissue integrity maintenance. As parts of cell-
cell junctions in epithelial and cardiac tissues, classical cadherins experience forces and must be mechanically robust. In
contrast, clustered protocadherins are responsible for neuronal connectivity and are exposed to more subtle mechanical
stimuli. We used simulations to study the mechanics of isolated cadherin complexes and found that classical cadherins
exhibit a two-phased elastic response that might prevent loss of adhesion during mild mechanical stress. Conversely, we
predict that clustered protocadherin complexes are brittle. Our results suggest that each set of cadherins has evolved to
adopt distinct mechanical properties.
INTRODUCTION

Cadherins are a large superfamily of glycoproteins that
mediate cell-cell adhesion in a calcium (Ca2þ)-dependent
manner and whose members are involved in morphogenesis,
tissue-integrity maintenance, and neuronal circuit develop-
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ment (1–7). The defining characteristics of the cadherin su-
perfamily are their extracellular cadherin (EC) ‘‘repeats,’’
composed of approximately 100 amino acids of similar
sequence and a Greek key fold, as well as their highly
conserved amino acid motifs that form Ca2þ-binding re-
gions between EC repeats (3,8–10). Classical cadherin ecto-
domains have five EC repeats, while the clustered
protocadherin (PCDH) ectodomains have six (Fig. 1 A and
B). Other members of the cadherin superfamily have longer
ectodomains with up to 34 EC repeats (6,11,12). Adhesive
contacts across cell junctions (trans) are formed by
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FIGURE 1 Cadherin binding modes and their Ca2þ-binding sites. (A) Schematics of epithelial cells and their intercellular contacts mediated by cadherins.

Highlighted are the adherens junction (CDH1: greens) and the desmosome (DSGs and DSCs: blues). Proteins that connect cadherins to the cytoskeleton are

shown in grays. (B) PCDH complexes at the interface of two neuronal surfaces showing trans and cis interactions. Colors denote different isoforms. (C)

Detail of trans tryptophan exchange mechanism in classical cadherins. One monomer is shown in surface while another is shown in ribbon representation.

Tryptophan residue at position two (Trp2) in one monomer is shown in orange. (D–F) Models of trans (D) CDH1 homodimer, (E) DSG-DSC heterodimer, and

(F) PCDHb6 homodimer complexes (missing EC5 and EC6 repeats are shown as ovals). Proteins are shown as ribbons with their molecular surfaces in

transparent representation. Ca2þ ions are shown as green spheres. (G and H) Detail of the DSG2 EC1-2 and EC3-4 Ca2þ-binding sites, respectively.

Ca2þ-coordinating residues are shown in stick representation and labeled. Backbone coordination is marked with an asterisk. Some backbone and side chain

atoms are not shown for visualization purposes.

Neel et al.
interactions between these cadherin ectodomains protruding
from opposing cells.

Multiple studies have revealed the details of the molecular
complexes formed by various classical cadherins in epithelial
adhesive structures, such as adherens junctions and desmo-
somes (Fig. 1 A) (13,14). A crystallographic model of the
complete classical epithelial cadherin (CDH1) ectodomain
(PDB: 3Q2V) shows both homophilic tip-to-tip trans interac-
tions and cis (same cell) contacts in a crystal packing lattice
that reveals a hypothetical adherens junction architecture
(15). In this structure, the ectodomains adopt slightly curved
conformations (Fig. 1 D) and the tip-to-tip trans interactions
are mediated by a tryptophan (Trp2) exchange between the
N-terminal EC1 repeats of dimeric complexes (8,15,16)
(Fig. 1 C and D). Biophysical studies have shown the impor-
tance of Ca2þ in maintaining the stability and shape of the
1014 Biophysical Journal 121, 1013–1028, March 15, 2022
CDH1 ectodomain (17,18) as well as the relevance of
CDH1Trp2 residues in adhesion (19–22), while single-mole-
cule experiments have quantified the mechanical strength
and lifetime of CDH1 homophilic bonds (23–25).

In parallel, all-atom molecular dynamics (MD) simula-
tions of classical cadherin EC1/EC1 (26) and EC1-2/EC1-2
(24,27,28) complexes suggested that forced unbinding pro-
ceeds without the unfolding of EC repeats and that Ca2þ

rigidifies EC linker regions. Simulations of the complete
monomeric EC1-EC5 ectodomain of C-cadherin, a frog clas-
sical cadherin (16) have also predicted that its slightly bent
shape is stable in the presence of bound Ca2þ and that the ec-
todomain can be straightened at a low force (29), resembling
tertiary structure elasticity observed for ankyrin repeat
stacks, tandem titin Ig domains, and other elongated proteins
(30–36). Stretching after unbending resulted in mechanical
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unfolding at high forces, with predictions of Ca2þ-dependent
unfolding pathways and force peaks consistent with experi-
mental results (29,31,37).Whether unbending and unbinding
before unfolding occur in the same way for the complete
CDH1 EC1-5/EC1-5 dimer, or for multiple dimers in an ad-
herens junction, remains unexplored.

While adherens junctions are formed by homophilic
CDH1 dimers, desmosomes are formed by heterophilic
and homophilic complexes of desmoglein (DSG) and
desmocollin (DSC) cadherin proteins (38–43) (Fig. 1 A
and E). The structures of several isoforms of DSG and
DSC proteins have been solved and include those for
DSG2-DSG2 (PDB: 5ERD) and DSC1-DSC1 (PDB:
5IRY) homodimer complexes that also interact tip-to-tip
and exchange Trp2 residues between their N-terminal EC1
repeats (44). Unlike other classical cadherins, which coordi-
nate three Ca2þ ions at each linker region between EC re-
peats (Fig. 1 G) (10), DSG coordinates only two Ca2þ

ions between EC3 and EC4 (Fig. 1 H). Structurally, this re-
sults in a more pronounced bend in the overall ectodomain
shape of DSG compared with DSC and CDH1 proteins in
the crystal structures (44). There is extensive experimental
evidence suggesting that desmosomes are composed of
both homophilic and heterophilic complexes between DSC
and DSG proteins (39,45–48). To date, however, only struc-
tures for desmosomal proteins forming homophilic tip-to-tip
complexes have been reported (44), and the corresponding
structures do not suggest possible architectures for desmo-
somes. A recent study used MD simulations and low-resolu-
tion cryo-electron tomography maps to build an atomistic
model of mouse liver DSG2-DSC2 desmosomes (49), but
how single homophilic and heterophilic dimers unbind in
response to force and how the mechanical strength varies
across the complexes formed by different isoforms remains
to be determined.

Unlike CDH1, DSGs, andDSCs, which are all members of
the classical cadherins, the clustered PCDHs belong to a
different subfamily involved in neuronal adhesion and self-
recognition (50–53). To ensure proper neuronal connectivity,
axons and dendrites must make favorable connections to
other neurons while avoiding redundant self-adhesion
(Fig. 1 B) (54). The clustered PCDHs were named after the
clustering of their genes into distinct groups consisting of
variable and constant regions, which gives rise to the a, b,
and g subfamilies (51,52). The homodimeric structures of
parts of the ectodomains of members from each subfamily
(a,b, andg) have been solved and reveal an extended antipar-
allel overlapping binding interface encompassing repeats
EC1-4 (Fig. 1 F) (55–61). The a PCDHs are important in es-
tablishing andmaturing neural circuitry during development,
although their absence is nonlethal (62,63). Much less is
known about b PCDHs, but they are expressed in the nervous
system (53). Finally, theg PCDHs have been identified as be-
ing vital for neuronal survival (64). Structures for representa-
tive members of each subfamily include PCDHa7 (PDB:
5DZV) (59), PCDHb6 (PDB: 5DZX) (59), and PCDHgB3
(PDB: 5K8R) (58). Because the binding interface differs
from those of classical cadherins, it is uncertain how clus-
tered PCDHs respond to force, and how this differencewould
manifest in their unbinding pathways and function.

Here, we use all-atom steered MD (SMD) simulations
(65–68) to visualize and quantify the response of single cad-
herin trans dimers to the application of an external tensile
force. This was achieved through simulations in which the
C-terminal Ca atom of each monomer was pulled at various
speeds (10, 1, and 0.5 or 0.1 nm/ns). Our simulations re-
vealed a two-phased elastic response in which soft unbend-
ing over approximately 10-nm changes in end-to-end
distances were observed before stiffening, leading to un-
binding without unfolding for the classical cadherins.
The clustered PCDHs, however, were straighter in isolation
when compared with classical cadherins, and their com-
plexes lacked the soft elastic response phase and instead
exhibited complex unbinding pathways featuring intermedi-
ates. Additionally, we quantified the forces that these pro-
teins can withstand before unbinding and found that
clustered PCDHs unbind at higher forces than classical cad-
herin dimers when stretched at fast speeds. Overall, these re-
sults offer insights into the dynamics and mechanics of
cadherin dimeric complexes with implications for their
function as single units in adhesion sites during initial con-
tact formation between cells. A companion article (69) re-
ports on analyses of their response in junctions where
multiple cadherin dimeric complexes work together to pro-
vide additional functionality. The combined work thus pro-
vides a molecular view of how cadherin-based cellular
adhesion sites and junctions may function in vivo.
MATERIALS AND METHODS

Simulated systems

Nine molecular systems for simulation were built in VMD with the

psfgen, solvate, and autoionize plugins (70) (Tables 1 and S1). Five of

these included classical cadherin trans dimers built using the following

three crystallographic structures: Mus musculus (mm) CDH1 EC1-5

(PDB: 3Q2V) (15) with residues 1–536 (UNP residues 157–692); Homo

sapiens (hs) DSG2 EC1-5 (PDB: 5ERD) (44) with residues 1 to 553

(UNP residues 50–602); and hs DSC1 EC1-5 (PDB: 5IRY) (44) with res-

idues 1–539 (UNP residues 135–673). The DSG2 and DSC1 proteins were

selected for simulation because these desmosomal cadherins had complete

structures with the highest resolution and because they are expected to

form heterophilic complexes in vitro (44) and in vivo (45). The first two

molecular systems (linear and diagonal) included CDH1 EC1-5 in two

different orientations within the simulation box, which allowed us to simu-

late two different in vivo conditions. The next three systems consisted of

the desmosomal DSG2 and DSC1 homodimers and the DSG2-DSC1 het-

erodimer. To create the DSG2-DSC1 heterodimer, the first six Ca atoms of

a DSC1 protomer were aligned with the first six Ca atoms of one of the

protomers in the DSG2 homodimer structure. This DSG2 protomer was

then replaced with the aligned DSC1 protomer to create the heterodimeric

trans complex. A 20-ps vacuum equilibration with constraints placed on

all but residues two through six of both DSG2 and DSC1 was performed,

which allowed the Trp2 residues of each monomer to fully insert into the
Biophysical Journal 121, 1013–1028, March 15, 2022 1015



TABLE 1 Overview of MD simulations

System Label

tsim

(ns)

Slowest

speed

(nm/ns)

Size

(#atoms) Size (nm3)

Linear CDH1 S1a-f 158.1 0.5 321,547 54.9 � 7.5 � 8.2

Diagonal CDH1 S2a-e 151.3 0.5 2,868,694 43.9 � 22.7 � 29.4

DSG2-DSG2 S3a-d 219.2 0.1 429,545 59.9 � 9.0 � 8.3

DSG2-DSC1 S4a-d 251.0 0.1 558,418 61.2 � 9.6 � 9.9

DSC1-DSC1 S5a-d 207.0 0.1 365,669 60.9 � 8.7 � 7.3

PCDHa7 S6a-d 172.5 0.1 500,917 54.0 � 10.0 � 9.6

PCDHb6 S7a-d 221.6 0.1 394,722 43.4 � 10.0 � 9.5

PCDHgB3 S8a-d 234.1 0.1 335,584 50.0 � 8.4 � 8.4

PCDHb6-A S9a-b 121.2 – 102,143 22.2 � 8.2 � 6.3

Labels indicate the system and protein used. Initial size of the systems is

indicated in the last column.
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hydrophobic pocket of the opposing monomer. Coordinates of the DSG2-

DSC1 heterodimer are available upon request.

The final four molecular systems for simulation included clustered

PCDHs and were built using structures for mm PCDHa7 EC1-5 (PDB:

5DZV) (59) with residues 1–528 (UNP residues 30–557), mm PCDHb6

EC1-4 (PDB: 5DZX) (59) with residues 3–416 (UNP residues 31–444),

and hs PCDHgB3 EC1-4 (PDB: 5K8R) (58) with residues 1–414 (UNP res-

idues 31–444). Three of them were built using homodimeric complexes,

while the last one was built as a monomer (monomer A of mm PCDHb6

EC1-4).

Missing residues in one monomer of the CDH1 structure, which had mul-

tiple monomers in the asymmetric unit, were added by using the same res-

idues from the other monomer after spatial superposition. The PCDHa7

structure had residues 494–500 in monomer A and residues 157–159 and

498–500 in monomer B missing, which were added by building a model

of the protein in SWISS-MODEL (71) and by copying only the missing res-

idues back into the original crystallographic structure. Water molecules and

Ca2þ ions in the crystal structures were incorporated into the final systems,

but final protein models had sugars, alternative conformations, and crystal-

lizing reagents removed. Hydrogen atoms were added to protein structures

with the psfgen plugin in VMD. Residues Glu and Asp were assigned a

negative charge, while Lys and Arg residues were assigned a positive

charge. Histidine residues were assumed to be neutral and their protonation

states were chosen to form hydrogen bonds with surrounding residues.

Termini (N- and C-) were assumed to be charged. Water molecules

(TIP3P) and randomly placed ions were used to solvate and ionize the sys-

tems at a concentration of 150 mMNaCl. Sizes of the systems can be found

in Table 1.
Simulations

MD simulations using explicit solvent (72–80) were performed with

NAMD 2.11 and 2.12 (81) using the CHARMM36 (82) force field for pro-

teins with the CMAP backbone correction (83). A cutoff of 12 Å with a

switching distance of 10 Å was used for van der Waals interactions, and

a pair list was generated for atoms within 13.5 Å that was updated every

40 fs. To compute long-range electrostatic forces, the Particle Mesh Ewald

method (84) with a grid point density of more than 1 Å�3 was used. A uni-

form integration time step of 2 fs for evaluation of bonded and nonbonded

interactions was used together with the SHAKE algorithm (85). Langevin

dynamics was utilized to enforce constant temperature (T ¼ 300�K)
when indicated, with a damping coefficient of g ¼ 0.1 ps�1 unless other-

wise stated. Constant number, pressure, and temperature simulations

(NpT) at p ¼ 1 atmosphere were conducted using the hybrid Nos�e-Hoover

Langevin piston method with a 200 fs decay period and a 50 fs damping

time constant (81). Simulations with constraints on Ca atoms used a har-

monic spring constant of kr ¼ 1 kcal mol�1 Å�2. All systems were mini-
1016 Biophysical Journal 121, 1013–1028, March 15, 2022
mized for 5000 steps and were equilibrated with backbone constraints for

200 ps, followed by a free, un-constrained equilibration of 20 ns, except

for the diagonal CDH1 system, for which the C-terminal Ca atoms re-

mained constrained and the PCDHb6 system for which the free equilibra-

tion was performed for 19.1 ns.

Constant velocity stretching simulations used the SMD method and the

NAMD Tcl forces interface. SMD simulations (66–68,86–88) were per-

formed by attaching Ca atoms of C-terminal residues to independent virtual

springs of stiffness ks ¼ 1 kcal mol�1 Å�2. The stretching direction was

set along the x-axis matching the vector connecting terminal regions of

the protein, with protein ends free to move in y and z directions unless other-

wise stated (Tables 1 and S1). The free ends of the springs were moved

away from the protein in opposite directions at a constant velocity. For

each system, SMD simulations were performed at 10, 1, and either 0.5 or

0.1 nm/ns. Applied forces were computed using the extension of the virtual

springs and values of these forces as well as position coordinates of the

C-terminal Ca atoms were saved every 40 fs, while the coordinates of the

whole system were saved every 1 ps.
Simulation analysis procedures and tools

Plotted forces are those applied to one of the C-terminal atoms from a dimer

pair. All applied forces were calculated from SMD spring extensions in the

x direction, unless harmonic constraints were applied in the y and z direc-

tions, in which case the total magnitude of the force applied, including con-

straints, was reported. Stiffness was computed through linear regression fits

of force-distance plots. Maximum force peaks for each protein C-terminal

end of the dimer pair were computed from 50-ps running averages to elim-

inate local fluctuations. Reported force peaks are averages computed from

values for each protein C-terminal end. End-to-end distances for complexes

were computed as the magnitude of the distance between the C-terminal Ca

atoms in a dimer, unless otherwise stated. Distances between residues were

computed between listed atoms, unless otherwise specified. To calculate the

orientation of successive EC repeats during unbinding, the principal axes of

the leading repeat were first aligned to the x-, y-, and z-axes using the Orient

plugin in VMD. The principal axes of the following repeat were then calcu-

lated, and the x and y coordinates of the third principal axes of the second

EC repeat were plotted, thus providing information about their relative

orientation. This process was repeated for EC1-EC2, EC2-EC3, EC3-

EC4, and EC4-EC5 (when applicable) on structures saved before simula-

tion, after the monomer had been straightened, and after the dimers had

been unbound. To compare shapes of cadherin ectodomains, conformations

from equilibrium trajectories taken every 50 ps for one of the monomers

were aligned to the initial conformation of the simulated system (aligned

along x) based on Ca atoms. Projections of each Ca atom coordinate in

the xy and xz were plotted along with their averages. Plots were prepared

in Xmgrace. Molecular images were created in the molecular graphics pro-

gram VMD (70).
RESULTS

To visualize, quantify, and compare the response of cadherin
ectodomain dimers to external forces, we built eight molec-
ular systems for simulation as models representing initial
isolated encounter complexes that may lead to the formation
of cellular junctions. Below we describe results from equi-
librium and SMD simulations for each of these systems
including adherens junction cadherins (two mm CDH1 sys-
tems), desmosomal cadherins (hs DSG2-DSG2, DSG2-
DSC1, and DSC1-DSC1 systems), and clustered PCDHs
(mm PCDHa7, mm PCDHb6, and hs PCDHgB3 systems;
species omitted for clarity in text below). A ninth system
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with a monomeric fragment of PCDHb6 was also built to
explore the shape of clustered PCDHs. Combined, these sys-
tems and simulations may serve as predictive models for
single-molecule force spectroscopy experiments.
Adherens junction cadherins exhibit a two-
phased response to force before unbinding

We constructed two different CDH1 systems that include
two ectodomains of this protein forming a homodimer and
that differ in the way putative intracellular cytoskeletal at-
tachments at each side are considered. The first is a linear
CDH1 system in which the ectodomains were free to
move and rotate when force was applied to C-terminal
ends in the direction of the vector between C-terminal Ca

atoms (Fig. 2 A). This represents a system in which no
attachment to the cytoskeleton is considered and in which
both proteins are already aligned for stretching in a linear
fashion along the axis that joins their C-terminal ends. In
the second, a diagonal CDH1 system had harmonic con-
straints applied to the C-terminal Ca atoms to restrict their
movement in the plane perpendicular to the stretching
direction and thereby mimic attachment to the underlying
cytoskeleton during SMD (Fig. 2 B). In this system, mono-
mers were positioned in a slanted orientation expected for
dimers in an adherens junction (15). Both systems were
equilibrated for 20 ns (simulations S1a and S2a; Tables 1
and S1) and subsequently stretched. Monomers retained
the curved shape during equilibrations (Fig. S1), while
stretching at all speeds proceeded in two phases in which
the protein complex first unbends before subsequent unbind-
ing without unfolding of EC repeats (Fig. 2 A and B; Video
S1). As expected, Ca2þ ions at linker regions and C-terminal
disulfide bonds prevented EC unfolding.

A quantitative characterization of the two phases of
CDH1’s mechanical response by spring constants associated
to unbending and by force peaks associated to unbinding was
dependent on the loading rate as expected (34,74,89,90). At
the slowest stretching speed used for the CDH1 systems
(simulations S1d–f and S2d–e at 0.5 nm/ns, with simulation
repeats starting from different states obtained from the
equilibrations), both the linear and diagonal systems dis-
played an initial unbending of CDH1 monomers at small
forces of approximately 80 to approximately 100 pN with
extensions of approximately 10 nm (Fig. 2 C andD). The un-
bending of monomers was associated with soft elastic re-
sponses with spring constants of ks1l � 3.8 5 3.6 mN/m
(average over three repeats and considering both monomers)
and ks1d � 3.4 5 0.4 mN/m (average over two repeats
and considering both monomers) in the linear and diagonal
systems, respectively (Fig. 2 C and D). As the proteins
unbend, a second phase was observed with stiffer associated
spring constants (ks2l � 55.0 5 7.9 mN/m for linear,
ks2d � 60.0 5 9.4 mN/m for diagonal) over approximately
4-nm extensions (Fig. 2 C and D). While stiffness and
changes in end-to-end distances (between the C-terminal
ends) were similar for both the linear and diagonal systems
before rupture, the separation between hypothetical mem-
brane planes would be drastically different. For the linear
system, the protein dimer had already been aligned along
the stretching axis, so an initial separation of approximately
16.5 nm increases to approximately 33.9 nm upon rotation,
and then through the two phases up to approximately
47.5 nm before dimer rupture with a total plane separation
increase of approximately 31 nm. For the diagonal system,
the separation between planes started at approximately
16.5 nm and increased to approximately 37.6 nm before
dimer rupture, with an increase in separation of planes of
approximately 21 nm before rupture, suggesting that this di-
agonal arrangement would result in smaller increases in sep-
aration between the two membranes before rupture.

Analyses of simulation trajectories show that the CDH1
tandem EC repeats straightened and twisted, as quantified
by computing inter-repeat orientations (Fig. S2 A and B).
Some tandem EC pairs straightened and twisted more than
others, e.g., CDH1 EC4-5, compared with EC2-3 in both
the linear and the diagonal systems (Fig. S2 A and B). The
less flexible EC2-3 linker might facilitate proper CDH1
cis binding mediated by EC1 and EC2 while the more flex-
ible EC4-5 linker may prevent trans-bond rupture during
mild mechanical stress, either from regular cellular activ-
ities or external stimuli.

We also monitored the peak force necessary to separate
dimers at the slowest stretching speed tested (0.5 nm/ns),
which differed depending on the system and starting state.
For instance, the first stretching simulation for the linear
system had a force peak of Fp � 408.4 pN 5 5.0 pN
(average over two sides), whereas the diagonal system had
a magnitude force peak of Fp � 397.2 pN 5 1.5 pN
(average over two sides). Data from triplicate repeats for
the linear system (simulations S1d-f; Fp � 414.8 pN 5
21.8 pN) and duplicate repeats for the diagonal system (sim-
ulations S2d-e; Fp � 470.6 pN5 85.5 pN) indicate that the
difference in average force needed to separate CDH1 dimers
was not statistically significant when comparing the two
stretching approaches (Fig. 2 E; p ¼ 0.15).

An inspection of the SMD trajectories and forces reveals
that the rupture of the CDH1 dimer correlated with the
extraction of Trp2 residues from their binding pockets for
both the linear and diagonal systems, as reported by an in-
crease in distance between the Trp2 H

ε
atom from one

monomer and the backbone Asp90 O atom from the other
while unbinding forces peaked (Figs. 2 A, B, S3 A, B, and
S4; Video S2). Residues involved in unbinding are highly
conserved (Fig. S5 A; Table S2), and despite the different
stretching geometries, unbinding pathways were similar.
After unbinding, each CDH1 monomer quickly began to re-
bend, as indicated by a decrease in the end-to-end distance
between N- and C-termini within each monomer and by a
partial recovery of inter-repeat orientations (Figs. 2 A, B,
Biophysical Journal 121, 1013–1028, March 15, 2022 1017
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S2, S3 C, and D), thus suggesting that the curved shape of
CDH1 is preferred in equilibrium.

Overall, our stretching simulations of entire CDH1 ecto-
domain dimers show how these complexes unbend softly
first, then stiffen before unbinding at extensions of approx-
imately 14 nm, with unbinding pathways involving extrac-
tion of Trp2 residues from their binding pockets and
rupture of EC1-EC1 contacts, regardless of the geometric
arrangement used to apply forces. The end-to-end distance
for a linear trans dimer of CDH1 is approximately 37 nm,
which is much larger than the distance between cells at
the adherens junction, which typically range between 15
and 25 nm (91). For CDH1 dimers to fit within an adherens
junction, there would need to be a change in monomer shape
or a change in orientation. The approximately 30� tilt of
CDH1, with respect to a hypothetical cell plane created by
the C-termini of homodimers within the crystal packing lat-
tice, creates an end-to-end distance of approximately 19 nm
(15). This tilted orientation, as seen in the diagonal simula-
tions, does not affect the strength of trans dimers and allows
for proper cis dimerization. Therefore, the diagonal system
creates a hypothetical cell-cell distance closer to that
observed in tissue that does not affect its tensile adhesive
properties.
Desmosomal cadherins exhibit a stiffer initial
response to force before unbinding

To determine whether the response of desmosomal cadher-
ins to force is similar to what we observed for CDH1 in
simulations, we built three different systems containing
desmosomal cadherins that included a DSG2 homodimer,
a DSG2-DSC1 heterodimer, and a DSC1 homodimer. The
DSG2 and DSC1 homodimers were taken directly from
crystal structures (44), while the DSG2-DSC1 heterodimer
was constructed from the existing structures because high-
resolution experiment-based models of heterodimers are
not available (see Materials and Methods). All three sys-
tems were equilibrated for 20 ns (simulations S3a, S4a,
and S5a; Tables 1 and S1) with protein monomers within
the complexes maintaining a curved shape (Fig. S1). Sub-
sequent stretching SMD simulations showed that all three
systems exhibited a similar two-phased response to force
at all three pulling speeds used (10, 1, and 0.1 nm/ns;
Fig. 3 D; Video S3). Because the prevailing experimentally
derived model of desmosomal structure shows dimers
forming linear trans contacts between cells (49,92),
stretching was performed in a linear fashion as opposed
to the diagonal configuration. The initial unbending, in
which each monomer lost its curvature, was followed by
further unbending and subsequent unbinding through the
loss of the Trp2 exchange as well as of a network of inter-
actions at the EC1-EC1 interface (Figs. 3 A–C, S6 A, and
S7; Video S4). Additionally, unbinding was observed
without unfolding of protein secondary structure in all
simulations, with Ca2þ ions at linker regions and EC5
disulfide bonds preventing unraveling of b strands.

At the slowest stretching speed (0.1 nm/ns), the mechan-
ical responses of the DSG2 and DSC1 homodimers and the
DSG2-DSC1 heterodimer were similar. At the beginning of
each simulation, the end-to-end distances were 32.8 nm,
31.5 nm, and 31.9 nm for the DSG2 homodimer, the
DSG2-DSC1 heterodimer, and the DSC1 homodimer sys-
tems respectively, while at the force peak the systems
were stretched to 47.4 nm, 47.2 nm, and 46.4 nm (Fig. 3
A–C), resulting in extensions that were greater than
10 nm. Analyses of forces (Fig. 3 D, gray lines) revealed
soft unbending for the DSG2 homodimer, the DSG2-
DSC1 heterodimer, and the DSC1 homodimer with
spring constants of ksa1 � 8.4 mN/m, ksb1 � 7.7 mN/m,
and ksc1 � 8.0 mN/m, respectively (values obtained consid-
ering extension of both monomers in each case). The
spring constants associated with the straightened phase
(approximately 2–5 nm) were ksa2 � 54.6 mN/m, ksb2 �
54.5 mN/m, and ksc2 � 47.7 mN/m, respectively. Overall,
the initial, soft phase responses were stiffer than what we
observed for CDH1, while spring constants for the second,
stiffer, phase were similar.

Interestingly, force peaks at all three pulling speeds were
comparable among the different desmosomal systems
(Fig. 3 D). At the slowest stretching speed (0.1 nm/ns),
the average force peaks from both monomers for the
DSG2 homodimer, the DSG2-DSC1 heterodimer, and the
DSC1 homodimer systems were Fp � 323.4 pN 5 6.2
pN, Fp � 395.7 pN 5 0.7 pN, and Fp � 419.8 pN 5 6.3
pN, respectively (averages over two sides). As observed
for CDH1, a loss of the Trp2 exchange correlated with the
rupture force peak for all systems (Fig. S6 A), indicating
that this is one crucial interaction in desmosomal trans di-
mers. However, several other interactions involving
conserved residues at the EC1-EC1 interface also persisted
until unbinding occurred in all three systems (Figs. S5 B and
C, S6 A, and S7), suggesting these other interactions, in
combination with the Trp2 exchange, contribute to the force
peaks. After unbinding, we observed quick rebending in all
systems in each of the separate monomers, as monitored by
the end-to-end distance between N- and C-termini within
each monomer (Fig. S6 B) and by a partial recovery of in-
ter-repeat orientations (Figs. S8–S10). As with the CDH1
system, curvature in each monomer seems to be an inherent
property of classical cadherins.

In addition to Trp2, there are other residues that formed
transient interactions during equilibrium and stretching sim-
ulations that may have functional consequences. In the
DSG2 homodimer system, the rupture and reformation of
a salt bridge involving Arg97 in one monomer and residues
Glu30 and Glu31 in the other resulted in a small dip and sub-
sequent increase in the force response (Fig. S6 A, first
panel). Similar interactions were not seen in either the
DSG2-DSC1 or DSC1 homodimer systems as the residues
Biophysical Journal 121, 1013–1028, March 15, 2022 1019
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at these positions differ in DSC1, which suggests the com-
bination of DSG and DSC monomers in the desmosome re-
sults in distinct mechanical responses. Additionally, a salt
bridge formed during equilibration of the DSG2-DSC1 sys-
tem between DSG2 Lys17 and DSC1 Asp101. This interac-
tion was one among several that was predicted to be
responsible for the heterophilic interaction specificity
observed in experiments (44). While this interaction broke
well before the force peak (Fig. S6 A, second panel), it
did persist during equilibration and may have functional
consequences for specificity that do not relate to force
response. For instance, this interaction introduced signifi-
cant twisting between DSC1 and DSG2 as compared with
the DSG2-DSG2 system. This twisting could potentially in-
fluence the way desmosomal cadherins interact with one
another in the desmosome, and thus influence the structure
of the desmosome itself.

In summary, the mechanical response of desmosomal
cadherins predicted by simulations was similar to what we
observed in simulations of CDH1, but with a stiffer first
phase of extension and with similar unbinding force peaks
despite simulations being carried out at a slower stretching
speed (0.1 nm/ns compared with 0.5 nm/ns), which should
have resulted in decreased force peaks (74,90,93,94). Spe-
cific interactions among conserved residues might explain
this behavior (Figs. S5 B, C, and S6 A). These results sug-
gest that desmosomal cadherin dimers, especially those
formed by DSC1, might be more resistant to external me-
chanical stimuli than those formed by CDH1.
Clustered PCDHs lack a two-phased response to
force

The next three molecular systems simulated involved PCDH
homodimers, including those formed by PCDHa7 EC1-5, a
representative of the a clustered PCDH subfamily; by
PCDHb6 EC1-4, representing the b subfamily; and by
PCDHgB3 EC1-4, a g subfamily representative. All homo-
dimers comprise a large antiparallel EC1-4 interface that
was maintained during initial equilibrium simulations last-
ing approximately 20 ns, with some fluctuations in contacts
in longer equilibrations (95). Subsequent constant velocity
SMD simulations on each of these clustered PCDH systems
at three different stretching speeds of 10 nm/ns, 1 nm/ns,
and 0.1 nm/ns revealed a response that was distinct to that
observed for CDH1 and the desmosomal cadherins. This
response was generally characterized by EC repeats slipping
past each other as some salt bridge interactions ruptured and
others transiently formed resulting in short-lived binding in-
termediates (Video S5). Forces monitored throughout the
SMD simulations did not show evidence for a two-phased
response with soft unbending of monomers, but rather ex-
hibited only a stiff phase that led to a main force peak fol-
lowed by smaller force peaks for intermediates when these
were present. At the fastest stretching speed, one of the
PCDHgB3 EC1-4 monomers unfolded before unbinding,
but this was not observed in any of the other systems at
the stretching speeds tested in our simulations, as described
below and despite the absence of disulfide bonds in terminal
EC repeats for clustered PCDHs. This suggests that Ca2þ

ions strengthen linker regions to prevent unfolding in most
cases.

At the beginning of the PCDHa7 dimer simulation at the
slowest stretching speed (0.1 nm/ns; simulation S6d), the
end-to-end distance between the C-terminal Ca atoms of
the complex increased little, from 28.6 nm to 30.4 nm, while
the applied force increased rapidly to a peak value of Fp �
394.1 5 1.6 pN (average over two sides; Figs. 4 A, D, left
panel, and S11 A–C, left panel). The force vs. end-to-end
distance plot lacks the first soft-phase observed for classical
cadherin and shows a broad semiplateaued peak with values
slowly diminishing as two salt bridge interactions, one be-
tween Glu91 in one monomer and Lys373 in the other, and
the other between Arg348 in one monomer and Asp41 in
the other, broke one after another (Figs. S11 A, left panel,
and S12 A). Interestingly, residue charge is conserved at po-
sitions 91, 348, and 373, but not at position 41 (Fig. S5 D).
Eventually, the monomers separated completely from each
other when the end-to-end distance was 41.8 nm (Fig. 4
A). No drastic changes in monomer lengths and orientations
between EC repeats were observed during this forced un-
binding (Figs. S11 B, left panel, and S13). The increase in
end-to-end distance seen during this unbinding was a result
of EC repeats slipping past one another, rather than from the
unbending of each monomer as observed for the classical
cadherins.

The unbinding pathway for the PCDHb6 dimer was more
complex, with transient intermediates associated with
multiple force peaks at the slowest stretching speed of
0.1 nm/ns (Fig. 4 B; simulation S7d). The end-to-end dis-
tance between the C-terminal Ca atoms of the complex
again increased little from 19.0 nm to 21.1 nm as the first
force peak was reached at Fp � 552.6 5 41.8 (Figs. 4 D,
middle panel, and S11 C, middle panel). Three subsequent
force peaks were evident, with forces reaching Fp � 603.3
5 5.6, Fp � 273.4 5 21.1, and Fp � 330.5 5 17.0 at
end-to-end distances of 22.8 nm, 26.6 nm, and 29.7 nm,
respectively (Fig. 4 B and D, middle panel). The multiple
force peaks observed during unbinding of the PCDHb6
dimer were associated with different salt bridge interactions
that formed and ruptured during the trajectory. The initial
salt bridge interaction between Glu289 in one monomer
and Arg157 in the other ruptured as another salt bridge inter-
action between Arg157 in one monomer and Glu213 in the
other formed (Fig. S12 B). This new interaction broke
when Glu165 from one monomer formed a salt bridge with
Arg4 from the other. This salt bridge also broke as a new
salt bridge between Glu165 and Arg4 of swapped monomers
formed (Video S6). Eventually this last salt bridge interac-
tion ruptured as the monomers separated from one another
Biophysical Journal 121, 1013–1028, March 15, 2022 1021
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panel. (B) Snapshots of PCDHb6 EC1-4 dimer unbinding at a stretching speed of 0.1 nm/ns (simulation S7d) shown as in (A). (C) Snapshots of PCDHgB3

EC1-4 dimer unbinding at a stretching speed of 0.1 nm/ns (simulation S8d) shown as in (A) and (B). (D) Force vs. end-to-end distance plots for constant
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1 ns running averages shown in purple; gray lines are linear fits used to determine elasticity). Red arrowheads indicate time points in (A), (B), and (C). Force is

shown as monitored for one of the monomers for all plots.
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(Fig. S11 A, middle panel). Again, residue charge is
conserved for some of the residues forming salt bridges,
but not all (Fig. S5 E). The monomers were completely
separated from each other when the end-to-end distance
was 35.4 nm (Fig. 4 B). The inter-repeat orientations were
more stable in one monomer than the other, likely owing
to rearrangements throughout the trajectory (Fig. S14).
The change in lengths for the monomers was negligible in
response to force when compared with changes seen for
the CDH1 and desmosomal systems (Fig. S11 B, middle
panel) as the increase in end-to-end distance seen during un-
binding was again due to EC repeats slipping past one
another.

For the third system,which included the PCDHgB3 dimer,
the stretching simulation at 0.1 nm/ns revealed an increase in
1022 Biophysical Journal 121, 1013–1028, March 15, 2022
end-to-end distance of the dimer from 19.1 nm to 21.2 nm
when the force reached a peak at Fp � 612.6 5 13.5 pN
(Figs. 4 C, D, right panel, and S11 C, right panel). Two salt
bridge interactions, the first one between Lys340 in onemono-
mer and Glu77 in the other (Fig. S12 C), and the second one
between Glu125 in one monomer and Lys292 in the other,
ruptured back-to-back as force peaked and fell during un-
binding (Fig. S11 A, right panel). A second small force spike
(Fp � 234.4 5 5.3 pN) was observed at an end-to-end dis-
tance of 33.5 nmwhen a new salt bridge interaction, between
Arg4 in one monomer and Glu77 in the other, formed tran-
siently and then ruptured (Fig. S11A, right panel).All residue
involved in these interactions were highly conserved within
the species analyzed (Fig. S5 F). The monomers were
completely separated when the end-to-end distance reached
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37.3 nm (Fig. 4C). Changes in lengths and inter-repeat orien-
tation for each of the monomers in response to application of
force to the complex were again minor (Figs. S11 B, right
panel, and S15). Predicted glycosylation sites in PCDHgB3
are not at residues forming contacts at any point during the
unbinding trajectory and hence glycosylation is not expected
to interfere with the unbinding pathway and intermediates
(Video S7). Similar to what we observed for PCDHa7 and
PCDHb6, the increase in end-to-end of distance for the
PCDHgB3 trans dimer during unbinding was caused by
EC repeats slipping past one another.

Overall, our simulations of clustered PCDHs revealed a
mechanical response in which stiff dimers break without
an unbending soft phase, but with force quickly climbing
over approximately 2 nm extensions to reach peak maxima
that are generally larger than what we observed for classical
cadherins. Intermediates were observed in some cases as the
separation between the monomers ends increased over
approximately 10 nm and the monomers passed each other
keeping their rather straight conformations. An additional
approximately 100-ns long control simulation of the
PCDHb6 EC1-4 monomer (simulations S9a-b) confirmed
that this fragment is straighter than what was observed
for CDH1, DSG2, and DSC1 over approximately 20 ns
(Fig. S1), suggesting that the brittle response of clustered
PCDH complexes ultimately originates from the straighter
conformations of their monomers.
DISCUSSION

Multimodular proteins, such as cadherins, are known to be
involved in various mechanical processes in vivo (96,97).
The simulations presented here offer a unique and compar-
ative view of the forced unbinding trajectories of adhesive
complexes formed by three cadherin subtypes, including
CDH1, the desmosomal cadherins, and the clustered
PCDHs. The dimeric complexes analyzed already display
evident structural differences that are reflected in their me-
chanical responses. The classical cadherins CDH1, DSG2,
and DSC1 all have bent ectodomains that remain in
this conformation throughout equilibrium simulations
(Fig. S1) and that interact tip-to-tip through contacts medi-
ated by their EC1 repeats. We predict that soft unbending
(<10 mN/m over approximately 10 nm extensions; Fig. 5
A and C) in response to force precedes unbinding charac-
terized by the extraction of swapped Trp2 residues and
rupture of various EC1-EC1 contacts. In contrast, our sim-
ulations predict that clustered PCDHs are straighter
(Fig. S1), that their response to force lacks a soft unbending
phase, and that the PCDHa7, PCDHb6, and PCDHgB3
overlapped dimers minimally stretch (approximately
2 nm) before unbinding forces peak at generally larger
values than those observed for classical cadherins (Fig. 5
B and C), with subsequent formation of transient, weaker
interactions as monomers pass each other before complete
separation. These results, which pertain to single dimers
stretched at fast speeds, should help in interpreting
experimental results, including those from bulk equilib-
rium and from single-molecule force spectroscopy mea-
surements. In addition, our results should help in
advancing our understanding of the assembly of larger
complexes that form cellular structures involved in adhe-
sion and signaling.

Dissociation constants measured in equilibrium for the
protein fragments simulated here generally range between
approximately 2 mM and 100 mM (Supplementary Discus-
sion and Table S3) (44,56,59,60,98), with little correlation
between binding mechanism, buried surface area, and
experimentally measured bond strengths in near-equilib-
rium conditions. It is intriguing that the dissociation con-
stants for classical cadherins that form small EC1-EC1
contacts with little buried surface area (<1000 Å2) are
not drastically different from those measured for PCDH
complexes with significantly larger interfaces (>1500 Å2,
Table S3). This indicates that the nature and details of
the contacts, including the exchange of Trp2 for classical
cadherins and specific salt bridges and hydrogen bonds
for all complexes, are more relevant in determining the af-
finity of the bond in equilibrium. Transient variations in
contacts and buried surface area for large interfaces such
as those of clustered PCDHs (95) might also explain why
binding affinities are not as strong as expected. Alterna-
tively, because force is known to restructure the energy
landscape of protein-protein interactions (99), the atomistic
differences in contact interfaces and buried surface area
among cadherin complexes might be more relevant upon
force application and under nonequilibrium conditions.

While there have been several studies exploring the me-
chanical unbinding strength of classical cadherin bonds
using single-molecule force spectroscopy experiments
(19,20,23,100–104), the strength of the clustered PCDH
bonds has not been experimentally probed, and a direct
comparison with results from our simulations is difficult.
A fairly linear increase in force associated with unbending
of classical cadherin ectodomains as predicted by our simu-
lations is likely to be buried in experimental force profiles
within the phase attributed to stretching of linkers used to
attach cadherin to surfaces. Unbinding force peaks from ex-
periments are typically obtained at stretching speeds that
range from 1 mm/s to 20 mm/s (10�6 to 10�5 nm/ns), while
our simulations are carried out at stretching speeds that are
as slow as 0.1 nm/ns, which results in expected larger un-
binding forces (88,93,105,106). In addition, our simulations
suggest that at fast stretching speeds specificity observed in
near equilibrium conditions might be overridden and less
relevant than interface size, as clustered PCDHs seem to
generally unbind at higher forces than classical cadherins
at the fastest speeds used (Fig. 5 B), a prediction that could
be tested using high-speed single-molecule force spectros-
copy (90,94).
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0

500

1000

1500

2000

0.1 0.5 1 10
Speed (nm/ns)

Fo
rc

e 
(p

N
)

CDH1
DSG2 & DSC1
PCDHs

0

10

20

30

40

50

60

70

80
CDH1
DSG2 & DSC1

ks1 ks2

Sp
rin

g 
C

on
st

an
t (

m
N

/m
)

A B

C

Fo
rc

e

Separation

Fo
rc

e

Separation

Classical Cadherins

Clustered PCDHs

FIGURE 5 Predicted elasticity for classical cad-

herins and clustered PCDHs. (A) Summary of spring

constants for the soft (ks1) and stiff (ks2) phases pre-

dicted in simulations of classical cadherins. (B) Sum-

mary of unbinding force peaks for classical cadherins

and clustered PCDHs at different stretching speeds as

predicted by simulations. Averages are shown along

with error bars (standard deviations) (C) Illustration

of unbending and unbinding stages for classical cad-

herins (left) and clustered PCDHs (right).

Neel et al.
Relevant mechanical stimuli for cadherins in vivo are
expected to be diverse (107–119). As cells divide and tis-
sues develop, cell-cell contacts will be experiencing ten-
sion. Similarly, epithelial and cardiac tissues are subject
to constant stress from routine physiological stretching
and shearing forces, as well as from external forces,
such as cuts and abrasions. Although there is little infor-
mation on the magnitude of the forces that cadherins
may experience in vivo (120–122), the spatial and time
scales of certain physiological events can serve to analyze
cadherin responses in the context of our findings. For
instance, we expect slow processes during tissue develop-
ment (minutes to hours) and faster events in cardiac tissue
where cardiomyocyte adhesions can move substrates at
more than 1 mm/s (123) and sarcomere lengths can change
at speeds of approximately 2 mm/s (124). Yet, these are
stretching speeds that are orders of magnitude slower
than what we have used in our simulations, and thus
near-equilibrium conditions may better represent the
response of cadherins in these contexts. In contrast, cad-
herins in tissues exposed to the catastrophic impact of a
bullet (>1000 nm/ns) (125) or to bruising by an external
object (>1 nm/ns) (126) might be stretched at the
speeds we have used in our simulations (0.1 nm/ns),
where rupture of the cadherin bond might prevent cell
damage.

Regardless of the type of stimulus and stretching speeds
used, we do expect that the first, soft stretching phase of
classical cadherins associated with unbending will be
1024 Biophysical Journal 121, 1013–1028, March 15, 2022
part of their mechanical response. This soft response is
observed in other protein systems, such as ankyrin repeat
stacks and tandem titin Ig domains (30–36), and might
be important in the context of cell oscillations or small-
scale tissue stretching (127–131), where classical cadherin
bonds would act as molecular shock absorbers and be me-
chanically robust, while clustered PCDH bonds might
break instead. Ectodomain bending and unbending might
also preclude trans contacts that go beyond EC1 (tip-to-
tip) in classical cadherins, while the more rigid and
straighter ectodomains of clustered PCDHs could facilitate
the antiparallel overlap observed in structures. Looking at
our simulated clustered PCDH unbinding trajectories in
reverse as a model for possible bond formation suggests
that to have antiparallel EC1-4 overlap these ectodomains
should maintain their straight conformation, as observed
here in equilibrium simulations of PCDHb6. Interestingly,
transient intermediates observed for clustered PCDH pro-
teins during simulated unbinding may help drive trans
bond assembly, especially in the context of cellular fluctu-
ations that may facilitate a ratchet-like mechanism (132) of
binding for rigid ectodomains. Softer ectodomains, like
those of classical cadherins, might just bend and preserve
EC1 contacts, rather than favoring overlap. In turn, the
larger interface achieved through overlap by PCDH pro-
teins permits greater variation in the number and type of
residues involved in the binding interface, a key determi-
nant of strict homophilic specificity observed for clustered
PCDH proteins.
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Our observations suggest that each set of cadherins has
evolved to adopt various features (13,133–135), including
mechanical properties suitable for their roles in vivo. How
the curvature and shape have evolved and are sequence-en-
coded in classical cadherins and clustered PCDHs is un-
known, but is easy to speculate that both the length of
loops that form linker regions and the nature and size of
their residues are relevant for bending, especially in subtle
cases without Ca2þ-free linker regions (136,137). Intrigu-
ingly, the clearest indicator of bending in classical cadherin
linker regions that bind two or three Ca2þ ions seems to be
the presence of a glutamate residue in the DXNDN motif,
which is conserved in all linker regions of clustered PCDHs
and modified to DXNEN at the EC3-4 linker of classical
cadherins (16). The longer glutamate sidechain may
contribute degrees of freedom that, along with other
linker-specific features, facilitate bending without compro-
mising Ca2þ binding. A disease-causing mutation in
DSG2 (D105E) that transforms the DXNDN motif into
DXNEN at the EC1-2 linker (138) confirms that a subtle
change to this motif can alter function, perhaps through
shape changes that alter binding properties (139). This hy-
pothesis might be tested in future simulations that also
explore how the response of single trans dimers changes
and determines the properties of larger complexes present
in adhesive contacts, including those with mixtures of clas-
sical and nonclassical cadherins (140–143). Elucidating the
molecular basis of the mechanics of cadherin ectodomains,
alone and in complexes, may serve to further understand
their function and to also rationally design modular proteins
with desired mechanical properties (144,145).
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