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Abstract 

 

LI-cadherin is a member of cadherin superfamily 

which is a Ca2+-dependent cell adhesion protein. Its 

expression is observed on various types of cells in 

the human body such as normal small intestine and 

colon cells, and gastric cancer cells. Because its 

expression is not observed on normal gastric cells, 

LI-cadherin is a promising target for gastric cancer 

imaging. However, since the cell adhesion 

mechanism of LI-cadherin has remained unknown, 

rational design of therapeutics targeting this 

cadherin has been complicated. Here, we have 

studied the homodimerization mechanism of LI-

cadherin. We report the crystal structure of the LI-

cadherin EC1-4 homodimer. The EC1-4 

homodimer exhibited a unique architecture 

different from that of other cadherins reported so far. 

The crystal structure also revealed that LI-cadherin 

possesses a noncanonical calcium ion-free linker 

between EC2 and EC3. We also show that LI-

cadherin EC1-2 and EC3-4 have different 

characteristics to that of the EC1-2 domains of 

classical cadherins despite the sequence similarity 

among them. Various biochemical techniques, 

molecular dynamics (MD) simulations and small 

angle X-ray scattering (SAXS) were employed to 

elucidate the mechanism of homodimerization. We 

expect these findings will advance the generation of 

therapeutic molecules targeting LI-cadherin and to 

establish the specific role of LI-cadherin on cancer 

cells. 

 

Introduction 

 

Cadherins are a family of glycoproteins responsible 

for calcium ion-dependent cell adhesion (1). There 

are more than 100 types of cadherins in humans and 

many of them are responsible not only for cell 

adhesion but also involved in tumorigenesis (2). 

Human liver intestine-cadherin (LI-cadherin) is a 

nonclassical cadherin comprising seven 

extracellular domains (3). Previous studies have 

reported the expression of LI-cadherin on various 

types of cells, such as normal intestine cells, 

intestinal metaplasia, colorectal cancer cells and 

lymph node metastatic gastric cancer cells (4, 5). 

 

Because human LI-cadherin is expressed on gastric 

cancer cells but not on normal stomach tissues, LI-

cadherin has been proposed as a target for imaging 

metastatic gastric cancer (6). Previous studies have 

reported that LI-cadherin works not only as a 

calcium ion-dependent cell adhesion molecule as 

other cadherins do (7), but also shown that trans-

dimerization of LI-cadherin is necessary for water 

transport in normal intestinal cells (8). Sequence 

analysis of mouse LI-, E-, N-, and P-cadherins has 

revealed sequence homology between EC1-2 of LI-

cadherin and EC1-2 of E-, N-, and P-cadherins, as 

well as between EC3-7 of LI-cadherin and EC1-5 

of classical cadherins (9). From the sequence 

similarity and the proposed absence of calcium ion-

binding motifs (10, 11) between domains EC2 and 

EC3, there is speculation that LI-cadherin has 

evolved from the same five-domain cadherin 
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precursor as that of classical cadherins (9). 

 

However, LI-cadherin is different from classical 

cadherins in some points such as the number of 

extracellular domains and the length and the 

sequence of the cytoplasmic domain. Classical 

cadherins possess five extracellular domains 

whereas LI-cadherin possesses seven (2). Classical 

cadherins possess a conserved cytoplasmic domain 

comprising more than 100 amino acids, whereas LI-

cadherin possess a short cytoplasmic domain 

consisting of 20 residues with little or no sequence 

homology (7, 12). 

 

The characteristics of LI-cadherin at the molecular 

level, including the homodimerization mechanism, 

still remains unknown. Homodimerization is the 

fundamental event in cadherin-mediated cell 

adhesion as has been shown previously (13, 14). In 

particular, classical cadherins are reported to form 

a homodimer mediated by the interaction between 

their two N-terminal domains (EC1-2) (10, 15).  

 

In this study, we aimed to characterize LI-cadherin 

at the molecular level as understanding the 

molecular characteristics of target protein would 

lead to the rational design of medicine. We have 

extensively validated LI-cadherin to identify the 

dimerization architecture of LI-cadherin. Here, we 

report the crystal structure of human LI-cadherin 

EC1-4 homodimer. This crystal structure revealed a 

dimerization architecture different from that of any 

other cadherin reported so far. It also showed 

canonical calcium binding motifs between EC1 and 

EC2 domains, and between EC3 and EC4, but not 

between EC2 and EC3. By performing various 

biochemical and computational analysis based on 

this crystal structure, we interpreted the 

characteristics of LI-cadherin molecule. In 

particular, small-angle X-ray scattering (SAXS) 

showed that LI-cadherin EC1-2 and EC3-4 behaved 

differently to domains EC1-2 of classical cadherins, 

even though the sequence similarity between them. 

Our study revealed possible architectures of LI-

cadherin homodimers at the cell surface and 

suggested the differential role of the two additional 

domains at the N-terminus compared with classical 

cadherins. 

 

Results 

 

Crystal structure analysis of EC1-4 homodimer 

 

In order to reveal the structure of the homodimer of 

human LI-cadherin we solved the X-ray crystal 

structure of EC1-4 (Table S1) at 2.7 Å resolution 

(Fig. 1A and Table 1). Each extracellular cadherin 

(EC) domain was composed of the typical seven -

strands seen in classical cadherins, and three 

calcium ions bound to each of the linkers 

connecting EC1 and EC2, and EC3 and EC4 (Fig. 

1A). We also observed four N-glycans and two N-

glycans bound to chain A and B, respectively, as 

could be predicted from amino acid sequence. We 

could not resolve the entire length of these N-

glycans because of their high flexibility. From the 
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portion resolved, all N-glycans seem to face the 

opposite side of the dimer interface. Two unique 

characteristics were observed in the crystal 

structure of LI-cadherin: (i) the architecture of the 

homodimer and (ii) the existence of a calcium-free 

linker between EC2 and EC3. 

 

The EC1-4 region of LI-cadherin assembled as an 

antiparallel homodimer in a conformation different 

from that of other cadherins, such as classical 

cadherins, which exhibit two step binding mode 

(15) and to that of protocadherin B3, which forms 

an antiparallel homodimer (14) but with distinct 

characteristics to that of LI-cadherin EC1-4. A 

previous study had suggested that LI-cadherin lacks 

a calcium-binding motif between EC2 and EC3 (9) 

and our crystal structure confirmed that hypothesis 

experimentally. This result supports a domain-

duplicating event during the evolution of LI-

cadherin, facilitating a distinct dimerization 

strategy by possessing two extra domains in the N-

terminal region. 

 

The dissociation constant (KD) of the EC1-4 

homodimer determined by sedimentation velocity 

analytical ultracentrifugation (AUC) was 39.8 M 

(Fig. 1B), and that of the EC1-5 homodimer 

measured by the same instrument was 22.8 M (Fig. 

1C). The slight increase of the affinity suggested 

some contact between EC1 and EC5, as can be 

predicted from the arrangement of EC1 of one chain 

and EC4 of the other chain in the crystal structure, 

although this interaction does not seem strong. 

Interestingly, we observed minor peaks 

corresponding to the tetramer in AUC 

measurements of EC1-5 (Fig. S1A). We could not 

determine the KD value of tetramerization because 

the detected volume was very small. These results 

suggested the existence of weak interactions which 

could not be detected by other methods. Following 

the analysis of the crystal structure we employed 

biochemical and computational methods to further 

investigate the interactions observed in the crystal 

structure, and the nature of the calcium-free linker 

between EC2 and EC3. 

 

Interaction analysis of EC1-4 homodimer 

 

We analyzed the interaction between two EC1-4 

molecules using the PISA server (Table S2) (16). 

The interaction was mostly mediated by EC2 of one 

chain of LI-cadherin and EC4 of the other chain, 

engaging in hydrogen bonds and hydrophobic 

contacts (Fig. 2A). The dimerization interface area 

was 1,253.3 Å2 and the number of hydrogen bonds 

in which the distance between heavy atoms were 

less than 3.5 Å was seven. 

 

Based on the analysis of these interactions we 

conducted site-directed mutagenesis to assess the 

contribution of several residues to the dimerization 

of LI-cadherin. Eleven residues showing a 

percentage of buried area greater than 50%, or one 

or more intermolecular hydrogen bonds (distance 

between heavy atoms < 3.5 Å) were individually 

mutated to Ala and their potential to form 
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homodimers was evaluated by SEC-MALS. The 

observed weight-averaged molecular weight (MW) 

of each mutant is shown in Table 2. The value of 

MW determined by SEC-MALS was revealed to be 

between the MW of the monomer (49.8 kDa) and 

that for the dimer (99.6 kDa). Because the samples 

were diluted to around 6 M during their movement 

inside the chromatographic column, even in 

samples injected at 100 M, the values determined 

for WT and mutants were closer to the calculated 

MW of the monomer than that of the dimer. 

Considering that the KD of EC1-4 wild type (WT) 

homodimer determined by AUC was 39.8 M, the 

largest fraction of EC1-4 WT should be mostly 

monomeric at a protein concentration of 6 µM (the 

protein concentration estimated at the end of the 

chromatographic column). However, the 

equilibrium between monomer and dimer may shift 

the position of the elution peak in a concentration-

dependent manner if indeed such dimer was formed. 

We have qualitatively compared the tendency of LI-

cadherin to dimerize by comparing the MW of each 

mutant at a constant concentration and also by 

investigating the concentration-dependent shift of 

their MW. 

 

It was revealed that homodimerization of the 

mutant F224A of EC1-4 was almost completely 

inhibited (Fig. 2B and Table 2). The MW of EC1-4 

F224A at each concentration was almost the same 

as that of the monomer (49.8 kDa) and 

concentration-dependent shift in the elution volume 

and the increase of MW was largely absent when 

compared with WT protein. Dimerization of EC1-4 

I169A, EC1-4 L171A, EC1-4 V210A, EC1-4 

N222A, EC1-4 N371A and EC1-4 Y399A was 

inhibited to some extent, however, its effect was 

less notorious than that observed in EC1-4 F224A 

(Table 2 and Fig. S2). 

 

Contribution of Phe224 to dimerization 

 

F224 belongs to the 6-7 loop of the EC2 domain. 

Although F224 does not seem to form extensive 

specific interactions with the partner molecule of 

LI-cadherin in our crystal structure (Fig. S3), its 

buried area upon dimerization was calculated to be 

94% by the PISA server, engaging in Van der Waals 

interactions between Phe224 and other residues of 

EC1-4. To understand the role of Phe224 in 

dimerization of LI-cadherin, we conducted 

molecular dynamics (MD) simulations of EC1-4 

WT and EC1-4 F224A in the monomeric states, 

respectively. After confirming the convergence of 

the simulations by calculating RMSD values of C 

atoms (Fig. S4A, B, see Experimental Procedures 

for the details), we first calculated the distance 

between C atoms of the residues 224 and 122. The 

simulations revealed that Ala224 moves away from 

the strand that contains Asn122 whereas Phe224 

kept closer to Asn122 (Fig. 3A and Movie 1, 2). 

This movement suggests that the side chain of 

Phe224 forms intramolecular interaction and is 

stabilized inside the pocket. 

 

Thermal stability analysis using differential 
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scanning calorimetry (DSC) revealed that EC1-4 

F224A had two unfolding peaks whereas that of 

EC1-4 WT had a single peak (Fig. 3B). These 

results showed that a part of EC1-4 F224A 

molecule was destabilized by the mutation. In 

combination with the data from MD simulations, 

we propose that Phe224 contributes to dimerization 

of LI-cadherin by intermolecular interactions and 

shape complementarity between the two monomers 

of LI-cadherin. DSC measurements showed that 

some of other mutants have lower thermal stability 

than wild type (Table 2 and Fig. S5). However, 

because TM1 of F224A is lowest among the mutants 

evaluated, and because other mutants displaying 

lower TM1 than wild type did not exhibit a drastic 

decrease in homodimer affinity like F224A, we 

conclude that among the residues evaluated by Ala 

scanning, F224 was the most critical for the 

maintenance of homodimer structure and thermal 

stability. 

 

To investigate if the mutation to Phe224 influences 

cell adhesion, we established a CHO cell line 

expressing full-length LI-cadherin WT or the 

mutant F224A (including the transmembrane and 

cytoplasmic domains fused to GFP) that we termed 

EC1-7GFP and EC1-7F224AGFP (Table S1 and 

Fig. S6). We conducted cell aggregation assays and 

compared the cell adhesion ability of cells 

expressing each construct in the presence of 

calcium with that of cells in the presence of EDTA 

or with mock cells (non-transfected Flp-In CHO). 

Cells were monitored by microscopy and the size 

distribution of cell aggregates was quantified using 

a micro-flow imaging (MFI) apparatus. EC1-7GFP 

showed cell aggregation ability in the presence of 

CaCl2. In contrast, EC1-7F224AGFP and mock 

cells did not show obvious cell aggregates in the 

presence of CaCl2 (Fig. 4A, B). From this result, it 

was revealed that the homodimerization of LI-

cadherin was necessary for LI-cadherin-dependent 

cell adhesion and that F224 was crucial for 

homodimerization also in the cellular environment. 

 

Calcium-free linker 

 

We next looked into the calcium-free linker 

between EC2 and EC3. Classical cadherins 

generally adopt a crescent-like shape (17, 18). 

However, in LI-cadherin, the arch-shape was 

disrupted at the calcium-free linker region and 

because of that EC1-4 exhibited unique alternating 

positioning of EC1-2 with respect to EC3-4. There 

have been several reports on cadherins possessing a 

calcium-free linker from which a biological role 

was suggested to be conferred by the flexibility of 

those linkers (19, 20). 

 

To compare the rigidity of the canonical linker with 

three calcium ions and the calcium-free linker in LI-

cadherin, we performed additional MD simulations. 

In addition to the monomeric states (Fig. S4), we 

also used the structure of the EC1-4 dimer (Fig. S7) 

as the initial structure of the simulations. We 

compared the rigidity of the linkers by calculating 

the RMSD values of C atoms of EC1 and EC3, 
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respectively, after superposing those of EC2 

domain alone (Fig. 5A, B). Compared to the other 

domains, the EC3 domain in the monomer 

conformation exhibited the largest RMSD. EC3 in 

the homodimer also showed greater RMSD values 

than EC1, however, the values were significantly 

smaller than those of EC3 in the monomer form. 

Dihedral angles consisting of C atoms of residues 

at the edge of each domain also indicated that the 

EC1-4 monomer bends largely at the Ca2+-free 

linker (Fig. S8A-C). These results showed that the 

calcium-free linker between EC2 and EC3 is more 

flexible than the canonical linker (Movie 3, 4). 

 

However, even at the most pronounced bent 

position, the angle described was not as large as that 

in the calcium-free linker of Drosophila N-cadherin 

(DN-cadherin) (20). Our MD simulations of EC1-4 

monomer suggested that the residue Asn237 

located at the center of the calcium-free linker 

engaged in multiple H-bonds with peripheral 

residues (Fig. 5C). The stabilization energy of these 

H-bonds, involving residues in both EC2 and EC3, 

may explain why the LI-cadherin molecule cannot 

bend as sharply as DN-cadherin in the calcium-free 

region. 

 

Another unique characteristic in the region 

surrounding the calcium-free linker was the 

existence of an -helix at the bottom of EC2. To our 

best knowledge, this element at the bottom of the 

EC2 domain is not found in classical cadherins. The 

sequence alignment of the EC1-2 domains of 

human LI-, E-, N- and P-cadherin by ClustalW 

indicated that the insertion of the -helix forming 

residues corresponded to the position immediately 

preceding the canonical calcium-binding motif 

DXE in classical cadherins (10) (Fig. S9). The Asp 

and Glu residues of the DXE motif in LI-cadherin 

dimer EC1 and EC3 coordinate with calcium ions 

(Fig. S10A, B) and was maintained throughout the 

simulation (Fig. S11). The -helix in EC2 might 

compensate for the absence of calcium by 

conferring some rigidity to the molecule. 

 

Solution structure of LI-cadherin EC1-2 and 

EC3-4 

 

Our crystal structure of LI-cadherin from above has 

revealed an unprecedented homodimer architecture 

in the cadherin family. We analyzed the amino acid 

sequence homology of EC1-2 or EC3-4 of human 

LI-cadherin and EC1-2 of human classical cadherin 

(E-, N-, and P-cadherins) using ClustalW. We found 

that EC1-2 and EC3-4 of human LI-cadherin have 

27~30% and 24~26% sequence homology with 

EC1-2 of human classical cadherin, respectively 

(Table S3). Because of the sequence homology with 

EC1-2 of classical cadherin, which preferentially 

forms X-dimers and strand swap dimers (15), we 

could not rule out the possibility that EC1-2 and 

EC3-4 of LI-cadherin might also adopt those 

conformations in solution. In particular, since EC3-

4 has a Trp residue (Trp239) at its N-terminus, we 

hypothesized that when EC1-2 is absent, Trp239 

may play the role of Trp2 in classical cadherins, i.e. 
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the key residue conferring strand swapping 

capabilities. Although EC1-2 does not possess the 

N-terminal Trp residue, we hypothesized that LI-

cadherin EC1-2 could adopt an X-dimer as such of 

the classical T-cadherin. T-cadherin forms a durable 

X-dimer responsible for this cadherin’s-dependent 

cell adhesion despite not displaying a Trp residue in 

the N-terminal position (21). 

 

To evaluate whether EC1-2 and EC3-4 adopt the 

homodimer conformation or not, AUC was carried 

out. The KD of dimerization of EC1-2 determined 

by AUC was 75 M, whereas no dimerization was 

detected for EC3-4 (Fig. 6A, B). Interestingly, 

minor peaks consistent with a tetramer were 

observed in the measurement of EC1-2, although 

we could not determine the KD value as the volume 

of tetramer included in the solution was very small. 

Small-angle X-ray scattering (SAXS) was further 

employed to analyze the homodimer structures in 

solution. Fig. 6C and 6D show the scattering curves 

of each construct. The values of the radius of 

gyration (Rg) calculated by AUTORG (22) were 

very similar to each other: 32.63 Å for EC1-2 and 

32.97 Å for EC3-4, respectively (Fig. S12A, B). We 

separately extracted the monomeric forms of EC1-

2 and EC3-4 from our structure of the EC1-4 dimer 

crystal to calculate the theoretical data and the 

dimerization experimental data. 

 

To further examine the solution structures of the 

EC1-2 and EC3-4 regions at the molecular level, 

MD simulations of each construct were performed 

for more than 200 ns. Because the crystal structure 

lacked some of the N- and C-terminal residues and 

large portions of the sugar chains, MODELLER 

9.18 (23) was employed to model the missing 

residues prior to the simulations, CHARMM-GUI 

Glycan Modeler (24) was then used to model the 

sugar chains (Fig. S12C), which were modelled as 

G0F. The simulated structures were extracted every 

100 ps and clustered based on RMSD values of C 

atoms using GROMACS tool. Cutoff value was set 

to generate 10 to 15 clusters. The cluster including 

the maximum number of structures was selected 

and its center structure was defined as the 

theoretical structure of EC1-2 and EC3-4. We 

named the modified crystal structures EC1-2_plus 

and EC3-4_plus. Theoretical Rg values (Rgtheo) of 

EC1-2_plus and EC3-4_plus calculated in the 

FoXS server (25, 26) were 28.95 Å and 31.88 Å, 

respectively. At the same time, and consistent with 

the results of AUC, the experimental Rg value 

(Rgexp) of EC1-2 was larger than that of Rgtheo 

calculated from EC1-2_plus. With respect to EC3-

4, the value of Rgexp was close to that of Rgtheo of 

EC3-4_plus. Moreover, the FoXS server was used 

to analyze the agreement of the scattering curves 

and the theoretical curves. The theoretical curve of 

the monomer of EC1-2_plus did not superpose well 

with the experimental scattering curve of EC1-2 (2 

= 1065.89) (Fig. 6C). In contrast, the theoretical 

curve of EC3-4_plus exhibited significant 

agreement with the experimental scattering curve of 

EC3-4 (2 = 2.99) (Fig. 6D). 
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To investigate if LI-cadherin EC1-2 forms X-dimer 

or strand-swap dimer in solution, we generated the 

corresponding models of LI-cadherin in the X-

dimer and strand-swap conformations by aligning 

EC1-2_plus to the crystal structures of E-cadherin 

X-dimer (PDB ID: 1EDH, (11)) and strand-swap 

dimer (PDB ID: 2O72, (27)). The generated 

structures were named EC1-2_plus_X and EC1-

2_plus_ss, respectively (Fig. 7A). The scattering 

curve of EC1-2 did not fit well with any of the 

theoretical curves generated for EC1-2_plus, EC1-

2_plus_X or EC1-2_plus_ss (Fig. 6C). However, 

the 2 value was smallest when the scattering curve 

was fit with the X-dimer, suggesting some 

similarities between the dimer of EC1-2 of LI-

cadherin and the X-dimer of E-cadherin. 

 

To elucidate the shape of the EC1-2 dimer, we 

performed ab initio bead modelling using 

DAMMIF (Fig. 7B, Fig. S12D) (28). The bead 

model suggested that two monomer molecules were 

interacting in a parallel or in an antiparallel fashion 

(Fig. 7C). Considering that LI-cadherin monomer 

bends at the calcium-free linker, as described above 

in the MD simulations, there is a possibility that the 

EC1-2 dimer observed by SAXS corresponds to 

another type of dimer. Whether both types of dimers 

are formed in human cells or not still remains 

elusive. 

 

Homodimerization of LI-cadherin on cells 

 

We next performed cell aggregation assays using 

CHO cells expressing various constructs of LI-

cadherin in which domains were deleted, to 

elucidate the mechanism of cell-adhesion induced 

by LI-cadherin. LI-cadherin EC1-5 and EC3-7 

expressing cells were separately established (EC1-

5GFP and EC3-7GFP) (Table S1, Fig. S6). 

Importantly, neither EC1-5 nor EC3-7 expressing 

cells showed cell aggregation ability in the presence 

of CaCl2 (Fig. 8). 

 

The fact that EC1-5 expressing cells did not 

aggregate suggests that the dimer of EC1-5 detected 

by AUC was not efficiently replicated in a cell 

environment. Several reasons may explain that 

observation, such as steric hindrance between EC1 

and the cell membrane (Fig. S13A), or 

inappropriate orientation of the protein molecules 

(Fig. S13B). It also indicated that the EC1-2 dimer 

observed by SAXS could not be formed because of 

instability of the molecule resulting from the high 

flexibility of the Ca2+-free linker (Fig. S13C, D). 

 

Expression of EC3-7 on the surface of the cells did 

not result in cell aggregation, an observation 

agreeing with the results of AUC and SAXS, which 

shows that EC3-4 does not form a dimer. The 

truncation of EC1-2 from LI-cadherin generates 

cadherin similar to classical cadherin in the point of 

view that it has five extracellular domains and that 

it has a Trp residue at the N-terminus. Together with 

the crystal structure of EC1-4 dimer, which showed 

that Trp239 was buried in its own hydrophobic 

pocket and was not participating in 
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homodimerization (Fig. S14), the fact that LI-

cadherin EC3-7 did not aggregate represents a 

unique dimerization mechanism in LI-cadherin. 

 

EC1-5 and EC3-7 expressing cells did not show 

aggregation ability even when they were mixed in 

equal amounts (Fig. S15). This result excluded the 

possibility of nonsymmetrical interaction of the 

domains (e.g. EC1-2 and E3-4, EC1-2 and EC6-7, 

etc.). 

 

Discussion 

 

Our study has revealed the architecture of the LI-

cadherin homodimer, which differs from that of 

other cadherins, and the existence of a calcium-free 

linker between EC2 and EC3. We also showed that 

(i) LI-cadherin EC1-2 homodimer structure is 

different from that of the X-dimer and (ii) that LI-

cadherin EC3-4 does not form homodimer. Our 

crystal structure also indicated that two additional 

domains have conferred unique features to LI-

cadherin to play roles which cannot be achieved by 

the dimerization mechanism of classical cadherins. 

Based on the collective data gathered in this study, 

several trans-dimerization models of LI-cadherin 

on cells were elaborated (Fig. 9A-C). 

 

We still could not determine whether EC1-2 

homodimer observed by SAXS and AUC is the 

intermediate of the homodimer structure leading to 

the dimer observed in the crystal structure, or two 

types of homodimers are formed distinctively. Also, 

it is still unclear if EC1-2 molecules are aligned in 

a parallel or in an antiparallel arrangement when 

they homodimerize since the resolution of the bead 

model generated from SAXS data was insufficient 

to unambiguously assign EC1 from EC2. To date, 

there is no report about cadherins dimerizing in the 

same architecture as that of LI-cadherin. However, 

we predict that Ksp-cadherin, another member of 

the 7D-cadherin family (29) shares some of the 

characteristics of LI-cadherin, such as displaying 

seven extracellular domains and lacking calcium 

binding motif between domains EC2 and EC3 (Fig. 

S16). Since Ksp-cadherin also lacks calcium-

binding motifs between EC5 and EC6, and between 

EC6 and EC7, we may expect Ksp-cadherin being 

more flexible than LI-cadherin. 

 

If each type of homodimer (EC1-4 and EC1-2) was 

formed separately, that would suggest each 

homodimer should have a distinctive function. We 

speculate that intercellular distance and/or 

extracellular environment may influence the 

homodimerization state of LI-cadherin. For 

example, previous research has shown that LI-

cadherin exists at the intercellular cleft of intestinal 

cells (7) and that trans-dimerization of LI-cadherin 

is required for water transport (8). The study 

indicated that the intercellular distance widens 

when water transport is inhibited. Although the 

intercellular distance in human cells is unknown, 

there is a possibility that the EC1-4 dimer (Fig. 9A) 

is formed when a high level of water transport is 

necessary (short intercellular distance) and EC1-2 
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dimer (Fig. 9B) appears when low level or no water 

transport is necessary (long intercellular distance). 

We also considered another possibility: High-

affinity EC1-4 dimer (Fig. 9A) would be favored in 

normal intestinal cells to achieve water transport 

properly, whereas the low-affinity EC1-2 dimer 

(Fig. 9B, C) would be more abundant on metastatic 

cancer cells leading to their adhesion and to greater 

migration of cancer cells by weak cell adhesion. 

 

Another notable difference between LI-cadherin 

and classical cadherins was the role of the 

cytoplasmic domain and the establishment of cis-

interactions. Interaction of the cytoplasmic domain 

of classical cadherins with catenin is necessary for 

efficient cell-adhesion of classical cadherins (30, 

31). Binding of classical cadherin cytoplasmic 

domain to F-actin mediated by catenin is essential 

for the clustering of cadherin molecules on cells 

leading to cis-interaction of cadherin molecules 

(32). A previous study has shown that the disruption 

of cis-interface in E-cadherin abolishes the ordered 

layer of E-cadherin molecules on liposomes, 

suggesting that the cis-interface is necessary for the 

formation of adhesive junction (18). In contrast, LI-

cadherin cytoplasmic domain does not require any 

interaction with other proteins to exhibit cell 

adhesion ability (12). Moreover, cis-interaction of 

classical cadherins were also observed in the crystal 

lattices of C-, E-, and N-cadherin (17, 18). In 

contrast, we did not observe contacts which would 

suggest a cis-interface in our crystal structure. In 

addition to the lack of the conserved cytoplasmic 

domain, we believe that the existence of at least 

four N-glycans per monomer which extend to the 

opposite side of the dimer interface might inhibit 

the contact of other molecules. These features, 

together with additional two domains at N-terminus 

have conferred a unique cell adhesion mechanism 

by LI-cadherin. 

 

In summary, our study has given new insights into 

the dimerization mechanism of LI-cadherin based 

on the crystal structure of LI-cadherin EC1-4, and 

simultaneously we conducted the characterization 

of LI-cadherin at the molecular level. We expect 

that our findings will accelerate the development of 

therapeutic agents targeting LI-cadherin, and help 

to understand the role of LI-cadherin in the 

progression of metastasis in certain cancers. 

 

Experimental procedures 

 

Protein sequence 

 

Amino acid sequence of recombinant protein and 

LI-cadherin expressing CHO cells are summarized 

in Table S1. 

 

Expression and purification of recombinant LI-

cadherin 

 

All LI-cadherin constructs were expressed and 

purified using the same method. All constructs were 

cloned in pcDNA 3.4 vector (ThermoFisher 

Scientific). Recombinant protein was expressed 
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using Expi293FTM Cells (ThermoFisher Scientific) 

following manufacturer’s protocol. Cells were 

cultured for three days after transfection at 37 °C 

and 8% CO2. The supernatant was collected and 

filtered followed by dialysis against a solution 

composed of 20 mM Tris-HCl at pH 8.0, 300 mM 

NaCl, and 3 mM CaCl2. Immobilized metal affinity 

chromatography was performed using Ni-NTA 

Agarose (Qiagen). Protein was eluted by 20 mM 

Tris-HCl at pH 8.0, 300 mM NaCl, 3 mM CaCl2, 

and 300 mM Imidazole. Final purification was 

performed by size exclusion chromatography 

(SEC) using HiLoad 26/600 Superdex 200 pg 

column (GE Healthcare) at 4 °C equilibrated in 

buffer A (10 mM HEPES-NaOH at pH 7.5, 150 mM 

NaCl, and 3 mM CaCl2). Unless otherwise 

specified, samples were dialyzed against buffer A 

before analysis and filtered dialysis buffer was used 

for assays. 

 

Crystallization of LI-cadherin EC1-4 

 

Purified LI-cadherin EC1-4 was dialyzed against 10 

mM HEPES-NaOH at pH 7.5, 30 mM NaCl, and 3 

mM CaCl2. After the dialysis, the protein was 

concentrated to 314 µM. Optimal condition for 

crystallization was screened using an Oryx8 

instrument (Douglas Instruments) using 

commercial screening kits (Hampton Research). 

The crystal used for data collection was obtained in 

a crystallization solution containing 200 mM 

sodium sulfate decahydrate and 20% w/v 

Polyethylene glycol 3,350 at 20 °C. Suitable 

crystals were harvested, briefly incubated in mother 

liquor supplemented with 20% glycerol, and 

transferred to liquid nitrogen for storage until data 

collection. 

 

Data collection and refinement 

 

Diffraction data from a single crystal EC1-4 were 

collected in beamline BL-5A at the Photon Factory 

(Tsukuba, Japan) under cryogenic conditions (100 

K). Diffraction images were processed with the 

program MOSFLM and merged and scaled with the 

program SCALA (33) of the CCP4 suite (34). The 

structure of the WT protein was determined by the 

molecular replacement method using the 

coordinates of P-cadherin (PDB entry code 4ZMY) 

(35) with the program PHASER (36). The models 

were refined with the programs REFMAC5 (37) 

and built manually with COOT (38). Validation was 

carried out with PROCHECK (39). Data collection 

and structure refinement statistics are given in Table 

1. UCSF Chimera was used to render all of the 

molecular graphics (40). 

 

Sedimentation velocity analytical 

ultracentrifugation (SV-AUC) 

 

SV-AUC experiments were conducted using the 

Optima AUC (Beckman Coulter) equipped with an 

8-hole An50 Ti rotor at 20 °C with 1, 2.5, 5, 10, 20, 

40, and 60 µM of EC1-2, EC3-4, EC1-4 and EC1-

5, dissolved in buffer A. Protein sample (390 µL) 

was loaded into the sample sector of a cell equipped 
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with sapphire windows and 12 mm double-sector 

charcoal-filled upon centerpiece. A volume of 400 

µL of buffer was loaded into the reference sector of 

each cell. Data were collected at 42,000 rpm with a 

radial increment of 10 µm using a UV detection 

system.  

 

The collected data were analyzed using continuous 

c(s) distribution model implemented in program 

SEDFIT (version 16.2b) (41) fitting for the 

frictional ratio, meniscus, time-invariant noise, and 

radial-invariant noise using a regularization level of 

0.68. The sedimentation coefficient ranges of 0-15 

S were evaluated with a resolution of 150. The 

partial specific volumes of EC1-2, EC3-4, EC1-4 

and EC1-5 were calculated based on the amino acid 

composition of each sample using program 

SEDNTERP 1.09 (42) and were 0.730 cm3/g, 0.733 

cm3/g, 0.732 cm3/g, and 0.734 cm3/g, respectively. 

The buffer density and viscosity were calculated 

using program SEDNTERP 1.09 as 1.0055 g/cm3 

and 1.025 cP, respectively. Figures of c(s20, w) 

distribution were generated using program GUSSI 

(version 1.3.2) (43). The weight-average 

sedimentation coefficient of each sample was 

calculated by integrating the range of sedimentation 

coefficients where peaks with obvious 

concentration dependence were observed. For the 

determination of the dissociation constant of 

monomer-dimer equilibrium, KD, the concentration 

dependence of the weight-average sedimentation 

coefficient was fitted to the monomer-dimer self-

association model implemented in program 

SEDPHAT (version 15.2b) (44). 

 

Site-directed mutagenesis 

 

Introduction of mutation to plasmid was performed 

as described previously (45). 

 

Size exclusion chromatography with multi-angle 

light scattering (SEC-MALS) 

 

The molecular weight of LI-cadherin was 

determined using superose 12 10/300 GL column 

(GE Healthcare) or Superose 6 Increase 10/300 GL 

column (GE Healthcare) with inline DAWN8+ 

multi angle light scattering (MALS) (Wyatt 

Technology), UV detector (Shimadzu), and 

refractive index (RI) detector (Shodex). Protien 

samples (45 µL) were injected at 100 µM or 50 µM. 

Analysis was performed using ASTRA software 

(Wyatt Technology). The protein conjugate method 

was employed for the analysis as sugar chains were 

bound to LI-cadherin. All detectors were BSA 

(Sigma-Aldrich).  

 

MD simulation 

 

Molecular dynamics simulations of LI-cadherin 

were performed using GROMACS 2016.3 (46) 

with the CHARMM36m force field (47). A whole 

crystal structure of EC1-4 homodimer, EC1-4 

monomer form, EC1-2 monomer form and EC3-4 

monomer form was used as the initial structure of 

the simulations, respectively. Missing residues 
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were modelled by MODELLER 9.18 (48). 

Solvation of the structures were performed with 

TIP3P water (49) in a rectangular box such that the 

minimum distance to the edge of the box was 15 Å 

under periodic boundary conditions through the 

CHARMM-GUI (50). Addition of N-bound type 

sugar chains (G0F) and the mutation of Phe224 in 

EC1-4 monomer to Ala224 were also performed 

through the CHARMM-GUI (24, 50). The protein 

charge was neutralized with added Na or Cl, and 

additional ions were added to imitate a salt solution 

of concentration 0.15 M. Each system was energy-

minimized for 5000 steps and equilibrated with the 

NVT ensemble (298 K) for 1 ns. Further 

simulations were performed with the NPT 

ensemble at 298 K. The time step was set to 2 fs 

throughout the simulations. A cutoff distance of 12 

Å was used for Coulomb and van der Waals 

interactions. Long-range electrostatic interactions 

were evaluated by means of the particle mesh 

Ewald method (51). Covalent bonds involving 

hydrogen atoms were constrained by the LINCS 

algorithm (52). A snapshot was saved every 10 ps. 

All trajectories were analyzed using GROMACS 

tools. RMSD, the number of hydrogen bonds, 

dihedral angles, distances between two atoms and 

clustering were computed by rms, hbond, gangle, 

distance and cluster modules, respectively.  

 

The convergence of the trajectories was confirmed 

by calculating RMSD values of C atoms (Fig. 

S4A, B and S7A, B). As the molecule showed high 

flexibility at Ca2+-free linker, as for EC1-4 WT 

monomer, EC1-4 F224A monomer and EC1-4 

dimer, RMSD of each domain was calculated 

individually. Five C atoms at N-terminus was 

excluded from the calculation of RMSD of EC1 and 

EC1-2 as they were disordered. As the RMSD 

values were stable after running 20 ns of 

simulations, we did not consider the first 20 ns 

when we analyzed the trajectories. 

 

Comparison of thermal stability by DSC 

 

DSC measurement was performed using MicroCal 

VP-Capillary DSC (Malvern). The measurement 

was performed from 10 °C to 100 °C at the scan rate 

of 1 °C min-1. Data was analyzed using Origin7 

software. 

 

Establishment of CHO cells expressing LI-

cadherin 

 

The DNA sequence of monomeric GFP was fused 

at the C-terminal of all human LI-cadherin 

constructs of which stable cell lines were 

established and was cloned in pcDNATM5/FRT 

vector (ThermoFisher Scientific). CHO cells stably 

expressing LI-cadherin-GFP were established using 

Flp-InTM-CHO Cell Line following the 

manufacturer’s protocol (ThermoFisher Scientific). 

Cloning was performed by the limiting dilution-

culture method. Cells expressing GFP were selected 

and cultivated. Observation of the cells were 

performed by In Cell Analyzer 2000 (GE 

Healthcare). The cells were cultivated in Ham’s F-
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12 Nutrient Mixture (ThermoFisher Scientific) 

supplemented with 10 % fetal bovine serum (FBS), 

1% L-Glutamine or 1% GlutaMAXTM-I 

(ThermoFisher Scientific), 1% penicillin-

streptomycin, and 0.5 mg mL-1 Hygromycin B at 

37 °C and 5.0% CO2. 

 

Cell Imaging 

 

Cells (100 µL) were added to a 96-well plate 

(Greiner) at 1 x 105 cells mL-1 and cultured 

overnight. After washing the cells with wash 

medium (Ham’s F-12 Nutrient Mixture 

(ThermoFisher Scientific) supplemented with 10 % 

fetal bovine serum (FBS), 1% GlutaMAXTM-I, 1% 

penicillin-streptomycin), Hoechst 33342 

(ThermoFisher Scientific) (100 µL) was added to 

each well at 0.25 µg mL-1. The plate was incubated 

at room temperature for 30 minutes. Cells were 

washed with wash medium twice and with 1x HMF 

(10 mM HEPES-NaOH at pH 7.5, 137 mM NaCl, 

5.4 mM KCl, 0.34 mM Na2HPO4, 1 mM CaCl2, and 

5.5 mM glucose) twice. After that, 1x HMF (200 

µL) was loaded to each well and the images were 

taken with an In Cell Analyzer 2000 instrument (GE 

Healthcare) using the FITC filter (490/20 excitation, 

525/36 emission) and the DAPI filter (350/50 

excitation, 455/50 emission) with 60 x 0.70 NA 

objective lens (Nikon). 

 

Cell aggregation assay 

 

Cell aggregation assay was performed by 

modifying the methods described previously (53, 

54). Cells were detached from cell culture plate by 

adding 1x HMF supplemented with 0.01% trypsin 

and placing on a shaker at 80 rpm for 15 minutes at 

37 °C. FBS was added to the final concentration of 

20% to stop the trypsinization. Cells were washed 

with 1x HMF supplemented with 20% FBS once 

and with 1x HMF twice to remove trypsin. Cells 

were suspended in 1x HMF at 1 x 105 cells mL-1. 

500 µL of the cell suspension was loaded into 24-

well plate coated with 1% w/v BSA. EDTA was 

added if necessary. After incubating the plate at 

room temperature for 5 minutes, 24-well plate was 

placed on a shaker at 80 rpm for 60 minutes at 37 °C. 

Images of the cells were taken using EVOS® XL 

Core Imaging System (ThermoFisher Scientific). 

 

Micro-Flow Imaging (MFI) 

 

Micro-Flow Imaging (Brightwell Technologies) 

was used to count the particle number and to 

visualize the cell aggregates after cell aggregation 

assay. After the cell aggregation assay described 

above, the plate was incubated at room temperature 

for 10 minutes and 500 µL of 4% Paraformaldehyde 

Phosphate Buffer Solution (Nacalai Tesque) was 

loaded to each well. Cells were injected to MFI 

after incubating the plate on ice for more than 20 

minutes. 

 

Solution structure analysis using SAXS 

All measurements were performed at beamline BL-

10C (55) of the Photon Factory (Tsukuba, Japan). 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted September 20, 2020. ; https://doi.org/10.1101/2020.09.18.291195doi: bioRxiv preprint 

https://doi.org/10.1101/2020.09.18.291195
http://creativecommons.org/licenses/by-nc-nd/4.0/


16 

 

The experimental procedure is described previously 

(56). Concentrations of EC1-2 and EC3-4 were 255 

µM and 157 µM, respectively. Data were collected 

using a PILATUS3 2M (Dectris). For the 

measurement of EC1-2, a wavelength was 1.500 Å 

with a camera distance 103 cm. For the 

measurement of EC3-4, a wavelength was 1.488 Å 

with a camera distance 101 cm. As for EC1-2, 

exposure time was 120 seconds and raw data 

between s values of 0.0084 and 0.82 Å-1 were 

measured (s = 4πsinθ/λ). As for EC3-4, exposure 

time was 60 seconds and raw data between s values 

of 0.010 and 0.84 Å-1 were measured. The 

background scattering intensity of buffer was 

subtracted from each measurement. The scattering 

intensities of nine measurements were averaged to 

produce the scattering curve of EC1-2 and four of 

them were averaged to produce the scattering curve 

of EC3-4. Data are placed on an absolute intensity 

scale. Conversion factor was calculated based on 

the scattering intensity of water. Bead modelling of 

EC1-2 was performed using DAMMIF (28). 

Symmetry was set to P2. The particle distance 

distribution function was calculated using GNOM 

considering s < 0.245 (57). Dmax was calculated to 

be 107 Å. As the shape of the molecule was 

classified as “flat” by DATCLASS (58), expected 

shape was set as flat. Fifteen bead models generated 

using DAMMIF were averaged and filtered using 

DAMAVER package (59). A normalized 

discrepancy (NSD) was 0.561 ± 0.026 Å. The 

calculation of the theoretical curves of SAXS and 

2 values were performed using FoXS server (25, 

26). 

 

Data availability: The coordinates and structure 

factors of LI-Cadherin EC1-4 have been deposited 

in the Protein Data Bank with entry code 7CYM. 

All remaining data are contained within the article. 
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Table 1:  Data collection and refinement statistics. 

Statistical values given in parenthesis refer to the highest resolution bin. 

Data Collection LI-cadherin (EC1-4) 

     Space Group P 1 21 1 

     Unit cell  

        a, b, c (Å) 80.36, 70.84, 134.22 

        α,  β,  γ (°) 90.0, 98.7, 90.0 

     Resolution (Å) 55.19 - 2.70 (2.85 - 2.70) 

     Wavelength 1.0000 

     Observations  252,491 (37,071) 

     Unique reflections 41,272 (5,955) 

     Rmerge. 0.095 (0.858) 

     Rp.i.m.
 0.041 (0.371) 

     CC1/2 0.998 (0.907) 

     I / σ (I) 11.6 (1.8) 

     Multiplicity 6.1 (6.2) 

     Completeness (%) 99.9 (100.0) 

Refinement Statistics  

     Resolution (Å) 55.19 - 2.70 

     Rwork / Rfree (%) 22.2 / 27.4 

     No. protein chains 2 

     No. atoms  

        Protein 6,834 

        Ca2+ 12 

        Water 33 

     B-factor (Å2)  

         Protein 78.2 

         Ca2+ 69.3 

         Water 62.2 

     Ramachandran Plot  

        Preferred (%) 85.7 

        Allowed (%) 14.3 

        Outliers (%) 0 

     RMSD Bond (Å) 0.013 

     RMSD Angle (°) 1.83 

     PDB entry code 7CYM 
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Table 2: Results of SEC-MALS 

  SEC-MALS     DSC 

Sample 
Concentration 

(M) 
MW1 (kDa)   

Concentration 

(M) 
TM1 (°C) TM2 (°C) 

WT 
100 53.7   

7.8 60.2 ± 0.02 N.D.3 
50 51.9   

I169A 
100 50.5   

7.9 61.7 ± 0.0 N.D.3 
50 50.1   

L171A 
100 51.1   

7.9 60.3 ± 0.0 N.D.3 
50 49.7   

N176A 
100 53.1   

7.5 57.7 ± 0.0 63.7 ± 0.0 
50 N.D.3   

V210A 
100 51.5   

7.9 56.5 ± 0.0 63.0 ± 0.0 
50 50.3   

N222A 
100 52.2   

7.4 58.7 ± 0.0 63.9 ± 0.0 
50 49.2   

F224A 
100 49.5  

8.1 54.2 ± 0.0 62.5 ± 0.0 
50 49.4  

L355A 
100 54.8   

7.8 59.9 ± 0.0 65.3 ± 0.1 
50 52.5   

N371A 
100 53.1  

7.1 59.5 ± 0.0 N.D.3 
50 50.7  

F376A 
100 55.1   

7.8 60.4 ± 0.0 N.D.3 
50 50.6   

Y399A 
100 53.6  

7.5 59.9 ± 0.0 N.D.3 
50 51.7  

Q404A 
100 54.8   

7.8 59.6 ± 0.0 N.D.3 
50 51.4   

1. The molecular weight of the protein does not include the glycan moiety. The theoretical molecular weight 

of EC1-4 wild type without glycan is 49.8 kDa. 

2. Tm ± error is shown. 

3. Not determined.
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Figure 1. Structure and dimerization of human LI-cadherin. A. Crystal structure of EC1-4 showing an 

antiparallel homodimer architecture. Calcium ions are depicted in magenta. No calcium ions were observed 

between domains EC2 and EC3 in either molecule. Four partial N-glycans were modeled in chain A (light 

green) and two in chain B (cyan) (the amino acid sequence of EC1-4 is given in Table S1). B, C. 

Sedimentation plot of SV-AUC experiment of EC1-4 (B) and EC1-5 (C). 
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Figure 2. Homodimerization of LI-cadherin. A. Interface of the EC1-4 homodimer. The non-polar 

interaction residues are shown in black and purple rectangles (top panels). Residues involved in hydrogen 

bonds (black solid lines) are shown within the red and blue rectangles (bottom panel). Residues indicated 

with an asterisk were individually mutated to Ala to evaluate their contribution to dimerization. B. SEC-

MALS chromatogram of EC1-4 WT and F224A. The volume at which the WT protein eluted and its MW 

increased in a concentration-dependent manner, whereas those values did not show concentration 

dependency in the mutant F224A. For each construct the absorbance of the larger peak of the sample at a 

concentration of 100 µM was normalized to a value of one.  
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Figure 3. Mechanism of dimerization facilitated by Phe224. A. The distance between Phe224 (orange) C 

or Ala224 (purple) C and Asn122 (grey) C was evaluated by MD simulations. The C atoms are 

indicated by black circles. The distance calculated by the simulations is indicated with red line. Time course 

is shown on the portion of the panel at the upper part of each structure. Each MD simulations run is shown 

in red, black and blue. Averages and standard deviations from 20 to 220 ns of each simulation are shown in 

parentheses. B. Thermal stability of EC1-4 WT and F224A determined by differential scanning calorimetry. 

Two transitions appeared in the sample of F224A. The first transition at lower temperature seems to have 

appeared due to the loss of intramolecular interaction around the residue at position 224. 
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Figure 4. Cell aggregation assay. A. Cell adhesion was followed by the aggregation of CHO cells 

expressing LI-cadherin EC1-7 WT or EC1-7 F224A. Cell aggregation was studied in the presence of Ca2+ 

ions (left panels) or absence of Ca2+ (right panels). B. Size distribution of cell aggregates determined by 

MFI. Particles larger than 25 µm were regarded as cell aggregates. Only EC1-7 WT expressing cells in the 

existence of 1 mM CaCl2 showed significant number of cell aggregates that were 40 µm or larger. Data 

shows the mean ± SEM of four measurements. 
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Figure 5. Calcium-free linker. A. Schematic view of how RMSD values were calculated. B. MD 

simulations of LI-cadherin. RMSD values of EC1 C or EC3 C against EC2 C. Chain A of EC1-4 dimer 

crystal structure was employed as the initial structure. C. RMSD values of EC1 C or EC3 C in chain A 

of the dimer against EC2 C in the chain A. C. Number of H-bonds between the side chain of Asn237 and 

other residues in EC1-2 or EC3-4. 
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Figure 6. Dimerization of short constructs. A, B. Sedimentation plot of AUC experiment corresponding to 

EC1-2 (A) and EC3-4 (B). C. Scattering curve of LI-cadherin EC1-2 and theoretical curves of EC1-2_plus, 

EC1-2_plus_X and EC1-2_plus_ss. Calculation of theoretical curves and 2 values were performed using 

FoXS server (s = 4πsinθ/λ, I = Intensity). D. Scattering curve of LI-cadherin EC3-4 and theoretical curve 

of EC3-4_plus. 
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Figure 7. Modeling LI-cadherin dimer. A. Procedure to generate EC1-2_plus_X and _ss. B. Distance 

distribution function of EC1-2. C. Ab initio bead model of EC1-2 homodimer generated using DAMMIF. 

Side view and top view are shown. Proposed models of EC1-2 homodimer are shown on the right. Both 

parallel and antiparallel forms were suggested from the shape of the bead model. 
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Figure 8. Cell adhesion mediated by short constructs. Cell aggregation assay using EC1-5GFP and EC3-

7GFP. EC1-7GFP and Flp-In CHO (mock cells) were used as positive and negative control, respectively. 

Particles larger than 25 µm were considered as cell aggregates. The number of cell aggregates of both EC1-

5GFP and EC3-7GFP in the presence or absence of Ca2+ were determined. Data show mean ± SEM of four 

measurements. 
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Figure 9. Models of interaction. A-C. EC1-7 homodimer models on cells. LI-cadherin extracellular 

domains are colored in blue and light green. Orientation of EC5-7 against EC1-4 was predicted by 

superposing EC1-2 of E-cadherin EC1-5 (PDB ID: 3Q2V, (18)) to LI-cadherin EC3-4. 
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