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Characterizing interactions in E-cadherin
assemblages

Sayane Shome,’' Kejue Jia,' Sanjeevi Sivasankar,” and Robert L. Jernigan'""

"Roy J. Carver Department of Biochemistry, Biophysics and Molecular Biology, lowa State University, Ames, lowa and 2Department of
Biomedical Engineering, University of California, Davis, Davis, California

ABSTRACT Cadherin intermolecular interactions are critical for cell-cell adhesion and play essential roles in tissue formation
and the maintenance of tissue structures. In this study, we focus on E-cadherin, a classical cadherin that connects epithelial cells,
tounderstand how they interactin cisand trans conformations when attached to the same cell or opposing cells. We employ coevo-
lutionary sequence analysis and molecular dynamics simulations to confirm previously known interaction sites as well as to identify
new interaction sites. The sequence coevolutionary results yield a surprising result indicating that there are no strongly favored
intermolecular interaction sites, which is unusual and suggests that many interaction sites may be possible, with none being
strongly preferred over others. By using molecular dynamics, we test the persistence of these interactions and how they facilitate
adhesion. We build several types of cadherin assemblages, with different numbers and combinations of cisand transinterfaces to
understand how these conformations act to facilitate adhesion. Our results suggest that, in addition to the established interaction
sites on the EC1 and EC2 domains, an additional plausible cis interface at the EC3-EC5 domain exists. Furthermore, we identify
specific mutations at cis/trans binding sites that impair adhesion within E-cadherin assemblages.

SIGNIFICANCE Cell-cell adhesion depends on interactions of different types between cadherins on the interacting cells.
The intention of this study is to develop some understanding of how the different types of interactions affect adhesion by
means of molecular dynamics simulations.

INTRODUCTION The extracellular regions of Ecad have five extracellular
(EC) domains with Ca>" jons binding at the linkers between
the EC domains. Previous studies suggested that Ecads bind
in two distinct trans conformations: a strand-swap dimer,
where a highly conserved W at position 2 (W2) is embedded
in a hydrophobic cavity formed on the other cadherin and
X-dimers where the cadherins interact by one EC1 domain
interacting with an EC2 domain on the interacting Ecad in
an entirely different way (5-11). Based on contacts
observed in the x-ray crystal structures of Ecads, it was pro-
posed that interactions between the EC1 and EC2 domains
of neighboring Ecads mediate cis dimerization with interac-
tions between residues L.175 and V81 (12,13). Studies have
suggested that cis dimerization of Ecads requires previous
trans dimerization (1,14), whereas single-molecule studies
showed that cis dimerization also enhances the likelihood
Submitted April 21, 2022, and accepted for publication June 14, 2023. of Ecad frans binding (15). Multiple frans and cis contacts
*Correspondence: jernigan @iastate.edu yield clusters resembling 2D lattices (12).
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Cadherins are a superfamily of cell-cell adhesion proteins
that facilitate the formation and organization of complex tis-
sue structures. When two cells contact one another, cadher-
ins from the opposing cells form trans bonds across the
contact. In addition to trans bonds, adhesion is strengthened
by cis dimer formation via lateral interactions of cadherins
on the same cell surface (1). Among the most widely studied
cadherins is the classical E-cadherin (Ecad), which plays a
key role for cell-cell adhesion in epithelial tissues. Ecads
have been shown to be essential for the formation and main-
tenance of epithelial structures (2,3). They are localized on
the surfaces of epithelial cells at cell-cell contacts known as
adherens junctions (4).
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broken by the introduction of single mutations at the trans and
cis binding interfaces. The mutation W2A abolishes the trans
strand-swap dimer and traps Ecad in the X-dimer conforma-
tion (13). Similarly, K14E prevents the trans X-dimer forma-
tion and traps Ecad in the strand-swap dimer form. Likewise,
the mutation L175D prevents formation of cis dimers. These
critical amino acids (W2, K14, and L.175) are highly conserved
residues across many cadherin sequences in different species
and have been suggested to act as “pegs” that “lock” these
three trans and cis binding interfaces together.

In the present study, we obtain new insights into how several
specific intermolecular residue pairs form contacts, defining
interfaces, how they behave in various Ecad assemblages,
and how they contribute to adhesion. For this purpose, we
have carried out a set of computational analyses as highlighted
in the flowchart in Data S1. We focus on the Ecad assemblages
comprised of five and two monomeric units of three-dimen-
sional structures of mouse Ecad (PDB: 3Q2V). Furthermore,
we carried out coevolution analysis of all cadherin sequences
(as they are homologous in nature to Ecads) to find the set of
amino acid residue pairs showing a higher degree of coevolu-
tion across the Ecad assemblages, suggesting that they form
contacts. This helps us to identify some sets of coevolving res-
idues, including the residue pair (P231 and A491) located in
EC3 and ECS5 of adjacent Ecad units. We further investigate
how much stronger the interactions at this interface are in com-
parison with known cis and trans binding interfaces, particu-
larly in the absence (from production molecular dynamics
simulations) and in the presence of forces applied at the known
cis interfaces (from steered MD [SMD] simulations). In addi-
tion, we carry out some computational mutagenesis studies to
find the lethal set of mutations that can plausibly impact the
Ecad assemblages and study their effects from our production
molecular dynamics simulations.

MATERIALS AND METHODS

The crystal structure of Ecad used for creating
assemblages of Ecads

The structure of mouse Ecad is obtained from the Protein Data Bank (PDB)
(PDB: 3Q2V). The structure obtained from the PDB is processed to remove
all heteroatoms except calcium ions and retain only protein atoms and cal-
cium ions. In addition, protein assemblages of two and five units of Ecads
are created by using the PDB structure file with the Pymol (33) Symmetry
plugin.

Coevolution analysis of residues from Ecad
assemblages

The amino acid types at specific positions in a protein family are correlated
because of evolutionary constraints, and physical constraints within the struc-
ture (structural packing constraints). The correlated amino acid changes can
be observed in the interdependent changes within multiple sequence align-
ments (MSAS), such as an interacting large-small pair of amino acids being
exchanged for a small-large pair. These correlated positions have been identi-
fied by global statistical methods such as direct coupling analysis (DCA) that
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disentangle the direct and indirect correlations, with important successes in
identifying amino acid contact pairs (17-19), protein-protein interaction pre-
dictions (20-23), and amino acid mutation assessments (24,25). The highly suc-
cessful protein structure predictions from Deep Mind with AlphaFold2 (26)
utilize the coevolution correlations to uncover hidden structural information
from the huge volume of sequence data. The data source for coevolution
methods are the MSAs of homologous sequences. The quality of an MSA
significantly affects the performance of these coevolution methods for detecting
these types of coevolution signals. In this project, we use DCA as implemented
by Marks et al. to calculate the correlations between residue pairs from the
MSAEs of the cadherin family taken from the Pfam database (27). For data prep-
aration, each sequence in the MSA is weighted by using sequence identities.
This is a method developed to use all of the data, aiming to give greater weight
to the more diverse data in the set, sometimes called redundancy weighting (28—
30). The amino acid sequences are first clustered into groups with a cutoff value
of 70% sequence identity. Within each group, any two sequences are at least
70% identical. Then each sequence in each group is weighted by a value of
one over the number of sequences in the group. Finally, equal weights are given
to each cluster, and all weights are normalized by dividing by the sum of all
weights. The results for cadherins are shown in Fig. 1. The surprise there is
that there are no strong contact pairs indicated, and in general there are only
weak correlations among any of the pairs, except for those nearby in sequence,
which are usually strong. There are, however, a few potential interactions sites
that are identified in Table 1, which we investigate below.

Introducing mutations into the protein structures

Based on the coevolution analysis, we list those residues lying in the bind-
ing interfaces in Ecad-Ecad assemblages, which are apparently coevolving
with critical amino acid residues K14, V81, and G85(12) (Figs. 1 and 2; Ta-
ble 1, and Video S1). The distribution of DCA values resembles a skewed
"bell" curve. We use a Z score-like measure (DCA value minus the global
mean then divided by the standard deviation) to evaluate the significance
of the coevolving signal. Positive Z scores for correlations indicate that res-
idues are coevolving, further suggesting that these residue interactions are
conserved throughout the evolution. Mutations in the coevolving positions
for these critical residues can also significantly impact the interaction
interface.

To understand how these specific residues interact, we carry out computa-
tional single-point mutagenesis. We calculate the impact of all 19 possible
combinations of mutations at these residue sites using the Dynamut server
(31), which predicts the extent of lethality of a mutation if introduced in a pro-
tein using the NMA (32) approach. Based on those values, we identify three
mutations in Ecad-Ecad assemblage for production molecular dynamics
(MD) studies. We introduce these mutants into the structures using Pymol
(33) mutagenesis plugin.

Preparation, minimization, and equilibration of
the systems for molecular dynamics simulations

A recent study (34) employed similar assemblages of 24 Ecad units to show
that large assemblages of curved ectodomains are stabilized by trans and cis
linkages, which they probed by applying SMD simulations (34). In our study,
we have focused on smaller assemblages with a focus on the interaction
changes at the cis and trans binding sites. To prepare the system for MD sim-
ulations (production MD and SMD), the protein has been solvated by consid-
ering the protein dimensions. Furthermore, we have added an appropriate
number of Na™ and C1™ ions to maintain charge balance. These steps were per-
formed using the VMD software (35). The next steps were carried out using the
NAMD software (36). The system was minimized for 250,000 steps followed
by equilibration initializing at 11 K. The equilibration is carried out with an in-
crease of 1 K per time step until the system temperature reaches 310 K. The
cutoff distance for local van der Waals and electrostatic interactions between
atoms is taken as 12 A and the pair list of distances as 14 A. Periodic boundary



E-cadherin assemblages

FIGURE 1 DCA Zscores of sequence correlations
involving residues K14, V81, and G85. The
sequence correlations for the entire protein are calcu-
lated using direct coupling analysis (DCA) (16,17)
based on the multiple sequence alignments from

V81

DCA z-score

the Pfam Database (PfamID: PF00028). The multi-
ple sequence alignment contains 6,852 sequences.
Each of the EC domains in cadherin corresponds to
the same Pfam domain PF00028. Note that the resi-
dues have been reindexed to run from 1 to 100. The
multiple sequence alignment (after removing gaps)
has 100 positions The Z score is calculated using
the raw DCA value minus the mean of all DCA
values, then divided by the standard deviation. The
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highest Z scores indicate all three residues are
strongly correlated with their sequence neighbors.

G85

. Correlations with sequence-distant residues are rela-
tively weak, but potentially defining of interactions,
as identified by purple boxes and the specific resi-
1 dues are named in Table 1 also. The larger
sequence-distant correlation values are listed in Ta-
ble 1. Furthermore, all the mapped residues have
been included in Data S4 and S5. To see this figure
in color, go online.

40 60
residue position

20

conditions are applied to the system via the particle mesh Ewald method with a
grid spacing of 1 A. The remaining default parameters for the CHARMM?27
force field are applied. We added a harmonic constraint of 1 kcal/mol Ao
some of the residues in EC4/ECS5 units of the Ecad assemblage to mimic mem-
brane anchorage in all the simulations. Production MD simulations are run for
Ecad assemblages of 5 units for 15 ns with three replicates. For the SMD sim-
ulations, we apply a pulling force in *+x, *y, =z directions (six different di-
rections) on the C* atom of residues in the Ecad assemblages of 2 units at the cis
interface (L175 and V81) with a constant velocity of 140 A/ns and a force con-
stant of 10 kcal mol~' A2 We carried out 10 replicates for each case of SMD
pulling direction, resulting in 60 independent simulations. MD trajectory data
analyses (including dynamic cross correlation analysis) are performed using
the VMD plugins (35) and Bio3d package in R (37). For studying the impact
of single-point mutations on Ecad assemblages, production MD simulations
are run on the Ecad assemblages of 2 units for 100 ns with 3 replicates.

RESULTS AND DISCUSSION

Identifying residues critical for adhesion in Ecad
assemblages from a coevolutionary perspective

Coevolution methods based on the interpretation of evolu-
tionary couplings have been proven to predict protein interac-
tions (40-45). For instance, DCA has successfully predicted
binary protein interactions in Escherichia coli (46). Here, we
use DCA to evaluate the level of coevolution correlation for
all pairs formed between two proteins to predict the interact-
ing residues. With DCA analysis, we are able to derive all the
residues from the query alignments that are coevolving. Pre-

80

100

vious studies confirmed that four residues W2, K14, V81, and
L 175 are primarily important for Ecad adhesion. We focus on
finding if there are other residues in EC1-EC2 and EC3-EC5
regions that have a high degree of coevolution with these four
residues particularly with L175. Our objective is to find out
whether there are other residues that might cooperate with
L 175 to facilitate the cadherin cis interactions.

The MSA shows that residues W2 and LL175 are conserved,
which means that there are almost no mutations at these po-
sitions, and it should be noted that highly conserved residues
cannot show correlations in sequence, since completely
conserved invariant residues can only have a sequence corre-
lation value of zero. This explains the low coevolution scores
of residue pairs involving W2 and L175. K14 does not
directly coevolve with L175 but it shows some coevolution
signal with V174, which itself is correlated with L175. The
overall coevolution signal of L175 is relatively weaker
compared with other strongly coevolved positions due to its

TABLE 1 Correlated residues involving K14, V81, and G85
found in Ecad-Ecad assembly based on PDB: 3Q2V

Residue ID

Correlated residue IDs

K14 17, L21, V22, V174 (62)
V8l V34, F35, 837, P65, 171, A491 (55)
G85 R28, D29, E31, T32, E93

Numbers in parentheses correspond to the residue indexes shown in Fig. 1.
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A231 -
'P491

high level of conservation. However, even a relatively weak
coevolution value can be important if the residues are highly
conserved since high levels of conservation naturally weaken
the coevolution values. Therefore, we analyze the ranked res-
idues showing the strongest coevolution signal for L175.
Many residues show correlations with their close sequence
neighbors, which are not viewed to be important since these
are common, as can be seen in Fig. [. Other residues
including P231 and A491, which are the newly found inter-
acting cis pair, also coevolve with L175. This residue pair
is located within a distance of 5 A of 175 on the neighboring
Ecad unit. There is also some coevolution signal between
A491 and V81. In Table 1, we list all the strongly correlated
distant residues with K14, V81, and G85.

SMD applied to the interacting residues at the
trans and cis binding sites in Ecad assemblages

In the current study, we employ computational simulations to
understand the impact of different forces on cis-cis and cis-
trans binding sites since these relate directly to cell adhesion.

Based on the structure PDB: 3Q2V (12), we have built
Ecad assemblages having various numbers of cis and trans
binding interfaces, as structures for performing MD simu-
lations. The Ecad assemblage used in SMD simulations is
comprised of two trans binding sites and one cis binding
site (Fig. 3 @). Our aim is to investigate interactions at
the trans and cis binding sites and also detect any localized
conformational changes that can be observed at cis-cis and
cis-trans binding sites when forces are applied in all three
perpendicular directions in the system (+x, *+y, *+z) at the
cis binding sites (C* atoms of V81 and L175). We carried
out 10 replicates for each case to make sure our observa-
tions are reliable (38). The goal of these SMD simulations
is to investigate interaction and conformational changes,
when Ecad assemblages are subjected to mechanical
forces. Since these assemblages span opposing cells, and
physiologically relevant mechanical forces are exerted by
the underlying actomyosin cytoskeleton, we choose our
force directions in the SMD simulations to mimic the phys-
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FIGURE 2 Structure of one Ecad ectodomain
(PDB: 3Q2V (12)) trans dimer. This structure has
been used for building the larger assemblages. The
dark-red spheres identify the locations of the impor-
tant featured residues—L175, W2, V81, P231, and
A491. Here, EC1 domains are colored in orange
and EC2 domains are cyan. To see this figure in co-
lor, go online.

iological forces. The results suggest that W2 remains
embedded in the binding cavity of residues from the neigh-
boring Ecad units until the whole assemblage breaks down
because of pulling at cis binding sites, as suggested by pre-
vious studies (12) (Videos S2 and S3). To quantify the MD
simulations, we compute the interaction energies that are
the total interaction energies in kcal/mol (36,39). In the
MD simulations, the interaction energies between two res-
idues i and j are evaluated as the sum of the non-bonded
interaction energies defined by the force field (39).
Nonbonded interaction energies that are considered include
the van der Waals and electrostatic terms.

We observe nonzero favorable interaction energies be-
tween W2 residue and residues 89-92 in its hydrophobic
binding cavity except in one case (where the cis interface
is pulled in +x direction), where at the end of the SMD
simulation the cis interactions between EC1 and EC2 do-
mains are broken (Fig. 3; Data S3).

Interestingly, we observe a novel cis interaction between
residues 231 and 491 located in EC3 and ECS of neigh-
boring Ecad units, which has not been reported previously.
This interaction is observed in all assemblages built by us-
ing crystallographic symmetry, after minimization. This
approach to construct assemblages using the crystal lattice
was utilized previously (12) to report the residues interact-
ing at the cis binding sites in the Ecad units at EC1-EC2 do-
mains. The connection between 231 and 491 between two
neighboring Ecad units (observed after assemblage con-
struction using crystal lattice) proved to be strong enough
to sustain the linkage between these neighboring Ecad units,
even when forces are applied on the cis (V81 and L175) in-
terfaces in our SMD simulations (Fig. 3; Data S2).

Understanding the impact of protein dynamics in
adhesion function of Ecad units

Furthermore, we carried out production MD simulations for
different plausible Ecad assemblages to understand how
these interfaces (cis, trans, and the newly discovered cis be-
tween EC3 and ECS5 domains) sustain binding in the



B~
o
£
A 3
S
=
=
Q
o _Cell surface S
& T s
¥ o & 3
R Y axi s
= +Y axis E
-Z axis

(above the X-Y plan C -~
o
E
=
g
=
2
(]
=
_____ w
Cell surface S
©
&
2
IS

D

Interaction Energy(kcal/mol)

0.2
Time(ns)

-

E-cadherin assemblages

0 0.2 . 0.4 0.6 _ x direction
Time(ns) =Y direction
-Z direction
10 +X direction
+Y direction
— +Z direction
5
0
-5
0 02 _ 0.4 0.6
Time(ns)
3
E 10
w© \/_\
o
>
(o2}
E’ 0 /
-
kel
S
o
2 -10
0.4 06 = 0 0.2 0.4 0.6
Time(ns)

FIGURE 3 Steered MD simulations of four Ecad ectodomains interacting in frans and cis orientations, when the cis interface (V81 and L175) is pulled in
different directions (*x or =y or *z). (A) The Ecad assemblage showing two trans interactions (purple spheres) and two cis interactions—one at EC1-EC2
(pink spheres), together with the newly discovered cis interaction between EC3 and ECS5 (orange spheres). (B) Interaction energy profiles of the novel cis
interface at EC3-ECS5 (A491 and P231) and (C) Interaction energy profile of cis residues at EC1-EC2 (L175 and V81), respectively. At a trans interface, the
W2 residues interact with neighboring hydrophobic cavities from the opposed Ecad ectodomain. (D) Here, we display the interaction energy profile of one of
the W2/W2' residues, embedded in the hydrophobic cavity; 1) interaction energy profile of W2 in hydrophobic cavity (residues 89 to 92), 2) interaction
energy profile of W2’ in the hydrophobic cavity (residues 89-92). To see this figure in color, go online.

absence of any stress or force application in the larger as-
semblages of 5 units. Our results suggest that the interaction
energy of the cis interaction between 231 in EC3 and 491 in
ECS5 is a weaker interaction compared with the cis interac-
tion between the EC1 and EC2 domains (Figs. 4 ¢ and d).
Although, the cis interaction between 231 with 491 is
weaker, it is observed throughout the simulations that
include replicates (Fig. 4 e). In addition, our results suggest
that the W2 trans dimerization is strong and interaction en-
ergies (Fig. 4 b) remain stable throughout the simulations of
15 ns duration. The interatomic distances between W2 and
the hydrophobic cavity also remain fairly constant
throughout these simulations (Fig. 5). Furthermore, to deter-
mine whether the residues at the cis/trans interfaces partic-
ipate in long-distance coupling, we have carried out
dynamic cross correlation analysis focusing particularly
on amino acids W2, V81, L175, P231, and A491. Our re-
sults suggest the L175 and V81 display positive dynamic
correlation with P231 and A491, meaning that these units

move in similar directions during the MD simulation of
100 ns (Data S6). However, it should be noted that this is
a preliminary result, which may need further validation.

Effects of single-point mutations on protein
dynamics and the effect on adhesion

We introduce all possible 19 combinations of single-point
mutations at G85, F35, and L175 in the Ecad-Ecad assem-
blage and utilize the Dynamut server to compute the impact
of these mutations. Residues G85 and F35 were chosen
because they are two of the amino acid residues facing
L175 from the opposite side in the conserved cis interface re-
ported previously in (12). Dynamut incorporates the
ENCOM (47) and ANM models (48) to determine whether
the introduction of a mutation would affect the protein prop-
erties based on entropy and energy calculations. Based on the
extent of destabilizing scores obtained from the Dynamut re-
sults, we chose three mutations (G85D, L175G, and F35G)

Biophysical Journal 122, 3069-3077, August 8, 2023 3073
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FIGURE 4 Protein dynamics in a large Ecad assemblage with five trans chains showing the role of interacting intermolecular residues during a production
simulation of 15 ns. (A) There are five chains, comprised of ten separate cadherins in this assemblage (one chain is hidden below the plane in the present
view). Results show how the interactions at the cis and frans interfaces change, particularly between the pink and purple central Ecad chains. To identity
these, we have marked the specific interactions with colored dots: two frans interface pairs comprised of W2 and W2’ with dark green and orange dots;
the usual cis interface at EC1-EC2 (L175 and V81) in mauve, purple, and bright green dots, respectively, and the new cis interface at EC3-EC5 (A231
and P491) marked with pink and yellow dots. (B) Interaction energies and C* interatomic distances for one of the trans interfaces W2/W2' with residues
E89, M90, and D92 from the neighboring Ecad forming the hydrophobic cavity. (C) Interaction energies and C* interatomic distances at the cis interaction
between L175 and V81 (both pairs). (D) Interaction energies and C* interatomic distances at the newly identified cis interaction between A231 and P491; we
have highlighted the interaction energies between 5 and 15 ns with a blue box. (E) Interaction energy profile of the newly identified cis interaction between
A231 and P491 between 5 and 15 ns suggests that, while interaction energies are weaker compared with the cis interaction between L175 and V81, they do
persist throughout the simulation. To see this figure in color, go online.

For a Figure360 author presentation of this figure, see https://doi.org/10.1016/j.bpj.2023.06.009.
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ulations. To see this figure in color, go online.

for MD simulations. We introduce single-point mutations in
the assemblages of 2 units and perform production MD sim-
ulations for 100 ns for each of the mutated assemblages and
the native assemblage. Results suggest root mean-square
fluctuations increase upon introducing these mutations into
the assemblages (Fig. 6). The surprising resultis that, in every
case, the mutations appear to be substantially destabilizing
the assemblage, as interpreted from the significantly larger
fluctuations. These mutations will all significantly negatively
impact binding. These observations, in general, show that
computational screening can rapidly assess the effects of mu-
tants upon the stability of cadherin assemblages.

CONCLUSIONS

Based on coevolution analysis, we were able to find residue
pairs all across the EC domains, which are weakly coevolv-
ing across different species. It is a general principle that if

two amino acids interact between proteins, these can be
identified from sequence correlations because if they are
close contact pairs then their sequences coevolve across
those interfaces (49). Because they are close, then maintain-
ing these interactions requires replacing the interacting pair
in a coordinated way. Such coordinated amino acid compen-
sations are frequently observed inside densely packed pro-
teins. From our study, we learned of a new cis interaction
between the EC3 and EC5 domains in Ecad assemblage,
which is able to help support adhesion between neighboring
Ecad units. Simulations of point mutations have provided
insights into the importance of specific interacting amino
acids in sustaining larger assemblages.

SUPPORTING MATERIAL

Supporting material can be found online at https://doi.org/10.1016/j.bpj.
2023.06.009.

FIGURE 6 The effects of mutations at L175 and
neighboring residues observed at a cis interface dur-
ing production MD of 100 ns in the Ecad Assem-
blage of 2 units. (A) The Ecad assemblage of 2
chains; orange box is the part of the structure that

is enlarged below. (B) G85 and F35 on neighboring

s Ecads is found to coevolve with L175 in the

——— sequence data. (C) Production MD results suggest

the root mean-square fluctuations increase signifi-

cantly, throughout the structure, upon introduction

of mutations on the Ecad assemblage. To see this
figure in color, go online.
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