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Nectins are members of the Ig superfamily that mediate cell–cell
adhesion through homophilic and heterophilic interactions. We
have determined the crystal structure of the nectin-2 homodimer
at 1.3 Å resolution. Structural analysis and complementary muta-
genesis studies reveal the basis for recognition and selectivity
among the nectin family members. Notably, the close proximity
of charged residues at the dimer interface is a major determinant
of the binding affinities associated with homophilic and hetero-
philic interactions within the nectin family. Our structural and bio-
chemical data provide a mechanistic basis to explain stronger
heterophilic versus weaker homophilic interactions among these
family members and also offer insights into nectin-mediated tran-
sinteractions between engaging cells.
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X-ray crystallography

Nectins are members of the Ig superfamily (IgSF) that engage
in calcium-independent adhesive interactions critical for a

wide range of biological processes (1, 2). The nectin family is
composed of four single-pass type I membrane glycoproteins
(nectin-1 to nectin-4), whose extracellular domains are composed
of an N-terminal variable-type Ig (IgV) domain, followed by two
constant-type Ig (IgC) domains (1–3). These ectodomains par-
ticipate in a complex network of interactions that includes both
homophilic and heterophilic adhesive associations between in-
teracting cells (Fig. S1). The cytoplasmic tails of the nectins bind
the F-actin–binding protein afadin and support connections with
the actin cytoskeleton similar to those observed in the cadherin
and integrin systems (4). Nectin-based cell–cell adhesions are
prominent in adherens junctions in fibroblast and epithelial cells
and in synaptic junctions in neurons, either autonomously or in
concert with other cell adhesion molecules like cadherins (1, 2, 5).
Although homophilic and heterophilic transinteractions of

nectins are implicated in cell–cell adhesion, several studies sug-
gest that heterophilic interactions are stronger than homophilic
interactions (6, 7). Furthermore, it has been shown that heter-
ophilic interactions between nectins contribute to several critical
cellular functions (8, 9). For example, nectin-2 and nectin-3 are
expressed in Sertoli cells and spermatids, respectively, and their
heterophilic transinteraction regulates the organization of the
Sertoli cell-spermatid junctions (8). It has also been shown that
the homozygous deletion of either nectin-2 or nectin-3 leads to
male-specific infertility in mice (10, 11). Another remarkable ex-
ample is provided by the interaction of nectin-1 and nectin-3.
These proteins are expressed in commissural axons and floor plate
cells, respectively, during the early development of the vertebrate
central nervous system, and this heterophilic transinteraction is
critically involved in the control of axonal guidance (12). In
addition to cell–cell adhesion, the heterophilic interactions of
nectins with a member of other protein families lead to different
biological outcomes such as immune modulation and host–
pathogen interactions (13–15).

To define the molecular and structural determinants un-
derlying the homophilic and heterophilic interactions between
nectins, we examined the biochemical, biophysical, and structural
properties of human nectin-2, a representative member of the
family. The 1.3 Å structure of the nectin-2 IgV homodimer de-
fined the chemical and physical determinants contributing to the
homophilic interface. In combination with complementary bio-
chemical data, these studies provide a mechanistic basis for the
observation that heterophilic interactions are stronger than homo-
philic interactions among these family members and suggest a
model for nectin-associated transinteractions.

Results and Discussion
IgV Domain of Nectin-2 Exists as a Dimer in Solution. The human
nectin-2 IgV domain (molecular weight of 13.68 kDa) was ex-
pressed as inclusion bodies in Escherichia coli, refolded, and
purified by size-exclusion chromatography (SEC) (Fig. 1A). The
purified protein eluted as a monodisperse peak on a calibrated
gel-filtration column with apparent molecular mass consistent
with a dimeric species (Fig. 1B). Analytical sedimentation equi-
librium results are consistent with a dimer (molecular weight of
24,825 Da) characterized by an equilibrium dissociation constant
(Kd) of <10 μM. Together, SEC and sedimentation equilibrium
analysis demonstrate that the IgV domain of human nectin-2
exists as a dimer in solution.

Crystal Structure of Nectin-2 IgV Exhibits a Dimeric Assembly. The
structure of nectin-2 was determined and refined at 1.3 Å reso-
lution with Rwork and Rfree of 15.2 and 17.3%, respectively (Table
S1). The asymmetric unit contains one copy of the nectin-2 IgV
domain, which exhibits the classic two-layer β-sandwich topology
observed in other IgV structures, with front and back sheets
composed of the GFCC′C′′ and ABED strands, respectively
(Fig. 2A). Similar to other conventional IgSF members, the nectin-2
IgV domain possesses the hallmark disulfide bond that links the
B and F strands. A distinctive structural feature of nectin-2 is the
insertion of a long loop between the D and E strands (Fig. 2A),
which is absent in other nectins (Fig. 3). Although this insertion
is present in all nectin-2 orthologs, the sequences are not con-
served in this region. Molecules related by twofold crystallographic
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symmetry generate a dimer, with the interface formed by the
nearly orthogonal association of C, C′, C′′, and F strands from
the front sheets of two engaging IgV domains (Fig. 2B). This
organization results in a “kinked” dimer with an end-to-end
distance of 56 Å (Fig. 2B), which is similar to the quaternary
structure observed in numerous other dimers involving IgSF
members (Fig. S2).

Homophilic Interface of Nectin-2. The nectin-2 homophilic inter-
face buries a total surface area of ∼1,823 Å2 , which is signifi-
cantly larger than most IgV domain interfaces (Table S2). Ten
residues (Gln-71, Gln-80, Asn-81, Ser-149, Arg-151, and their
symmetry mates) are involved in eight potential hydrogen bonds
(Fig. 2C). van der Waals contacts also make an important con-
tribution to this homophilic interface, including Ser-66, Leu-67,
His-86, Met-89, Gly-90, Ala-143, Thr-144, and Phe-145, which are
partially or completely buried at the dimer interface (Fig. 2D). A
complete list of interfacial residues is provided in Table S3.

To confirm the homophilic interface observed in the crystalline
state, we examined a series of mutants. Point mutations (N81A,
M89A, A143D, and F145A) in the putative interface severely
affected the homophilic association and resulted in a strictly
monomeric population in SEC, whereas K109A, which is outside
the putative interface, had no effect (Fig. 2E). Despite the large
extent of this interface, these data suggest that the homophilic
interactions in the nectin family are highly sensitive to perturba-
tion, as the change of a single residue significantly alters the
monomer–dimer equilibrium. This sensitivity may be related to
the twofold symmetric organization of the homophilic dimer, as
a single mutation in the primary sequence results in the disrup-
tion of two sets of contacts at the binding interface.

Close Proximity of Two Charged Residues at the Dimer Interface: A
Major Determinant of Homophilic and Heterophilic Binding Affinities.
One notable feature is the presence of an apparently unfavorable
electrostatic interaction resulting from the close proximity of two
glutamic-acid side chains (E141 from F strand) in the center of
the nectin-2 homophilic interface (Fig. 4A). A similar unfavor-
able electrostatic interaction is observed in the recently reported
nectin-1 homophilic interface [Protein Data Bank (PDB) ID
code 3ALP] (Fig. 4B) (16). Structure-based sequence alignment
predicts that the glutamic-acid residue is replaced by lysine and
arginine in nectin-3 and nectin-4, respectively, again suggestive
of unfavorable electrostatics at these homodimer interfaces (Fig.
3 and Fig. S3). Notably, these charged residues are strictly con-
served across species (see sequence alignment in Fig. S4). To
further investigate the impact of these putative unfavorable in-
teractions at the dimer interface, we mutated Glu-141 to alanine
in nectin-2. Because wild-type nectin-2 forms a tight dimer, with
a dissociation that is below the detection limit of analytical ultra-
centrifugation (AUC), the effect of E141A mutation on the di-
merization would be difficult to assess. To circumvent this problem,
the E141A mutation was generated in the background of the
N81A mutant, which on its own behaves as a monomer by size-
exclusion chromatography (Fig. 2E). Notably, in this background,
the E141A mutation causes a dramatic shift of the monomer to a
predominately dimeric population (Fig. 4C), consistent with the

Fig. 1. (A) SDS/PAGE showing refolded and purified nectin-2 (13.7 kDa) in
the right lane. Molecular weight standards are in the left lane. (B) Nectin-2
(blue) and molecular weight standards (green dotted) were analyzed by
size-exclusion chromatography on a Superdex 200 column. The standards
are labeled with their molecular weights (in kDa) on the top of each peak.
Nectin-2 eluted after the 44-kDa peak and just before the 17-kDa peak, which
indicates a dimer in solution.
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Fig. 2. (A) Structure of the IgV domain of human nectin-2 showing a classical two-layer β-sandwich topology. The front and back sheets of the domain are
composed of the GFCC′C′′ and ABED strands, respectively. The unusual long loop between the D and E strands is identified by an arrow. (B) Two monomers
(yellow and gray) interact in a nearly orthogonal fashion to form the dimer, resulting in an end-to-end distance of ∼56 Å. The dimer interface is formed by the
orthogonal association of the front β-sheets with predominant contribution from the C, C′, C′′, and F strands of each monomer. (C) Residues participating in
hydrogen bonds at the dimer interface are shown in ball-and-stick representation (dashed lines represent hydrogen bonds). (D) Residues participating in van der
Waals contacts at the dimer interface are shown by ball-and-stick representation from one molecule only. (E) Confirmation of dimer interface by size-exclusion
chromatography. The elution profile of wild-type nectin-2 is shown by the blue lines, and the mutants N81A, F145A, A143D, and K109A are represented by the
red lines. In all of the cases except K109A (which is located outside of the dimer interface), the elution volume of the mutants increases significantly.
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notion that the presence of Glu-141 at the dimer interface results
in a reduction of the homophilic affinity.
In contrast to the homophilic dimers, the heterophilic inter-

actions in the nectin family involve opposite charges at the po-
sition analogous to E141 (Fig. 4D). This feature is illustrated in a

model of the nectin-2:nectin-3 heterodimer, where Glu-141 from
nectin-2 and Lys-149 from nectin-3 may participate in favorable
polar interaction that promotes heterophilic association (Fig.
4E). Notably, this behavior is consistent with the higher affinities
reported for heterophilic interactions compared with homophilic
interactions in the nectin family (6, 7). These observations also
highlight the critical concept that receptor–ligand interactions do
not evolve to produce the highest possible affinity, but instead
evolve to select the affinity that allows for the specificity, kinetics,
and associated signaling properties that are biologically optimal.
It is this range of affinities, and the quantitative differences, ex-
hibited by the homophilic and heterophilic interactions of the nectin
family that support the intersection of diverse adhesive processes
required for a wide range of biological functions.

Structural Comparison of Nectin-2 and Nectin-1. A structural align-
ment of the IgV domains of nectin-1 and nectin-2 demonstrates
high sequence identity of about 40% and high structural simi-
larity with an rmsd of 1.7 Å for 111 equivalent Cα atoms. Fur-
thermore, the dimer structure and dimer interface of nectin-2
are comparable to the dimer structure and interface of nectin-1
exhibiting an rmsd of 2.04 Å for 212 equivalent Cα atoms, with 13
of the 22 (∼59%) nectin-2 interface residues being identical be-
tween the two proteins. A structure-based sequence alignment
revealed that many of the nectin-2 homophilic interface resi-
dues are not conserved in the family (Fig. 3). However, the
sequence motif TFPXG, corresponding to residues 144–148,
contributed by the FG loop of nectin-2 is well conserved (Fig. 3).

Nectin-2 Dimer Represents a Result of Transinteraction.Both cis- and
transhomophilic interactions may contribute to nectin function.
Based on the behavior of cells expressing a series of deletion
mutants, the first IgC domain was initially proposed to be respon-
sible for cis-interactions (1, 2, 17). More recently, the crystal
structure of human nectin-1 (PDB ID code 3ALP) was inter-
preted to suggest that nectin-1 forms a cis-dimer via interactions
involving the orthogonal association of IgV domains similar to
that observed in the current structure of the nectin-2 IgV domain
(16). It was further proposed that lateral clustering of these cis-
dimers was driven by interactions involving the first IgC domains
and that these clusters of cis-dimers formed transinteractions via
“head-to-head” contacts between the IgV domains of molecules
on engaging cells (16).
The different mechanisms offered for nectin assembly reflect

the complexity associated with systems possessing multiple in-
teraction domains (e.g., IgV and IgC) and multiple geometric
modes of association (i.e., cis and trans). Notably, the interface
and overall architecture of the homophilic dimers formed by the
IgV from nectin-1 and nectin-2 are similar to each other, as well
as to a wide range of dimeric complexes formed by other members
of the IgSF that are known to function via biologically competent
transinteractions (Fig. S2). In contrast, the proposed head-to-

Fig. 3. Structure-based sequence alignment of human nectins. The secondary structure of nectin-2 IgV domain is labeled on the top of the alignment.
Residues with similar properties are marked in red, whereas identical residues are in white with red shading. Interfacial residues (green circle) and the cysteine
residues involved in the formation of disulfide bond between B and F strands (blue circle) are marked. The long loop between the D and E strands of nectin-2,
which is absent in other nectins, is also shown.
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Fig. 4. (A) Dimer interface of human nectin-2 showing the close proximity
of two negatively charged side chains; Glu-141 is contributed from the F
strand of each monomer (yellow and gray). (B) Dimeric interface of nectin-1
(PDB ID code 3ALP) showing the similar unfavorable repulsive electrostatics
as depicted in the case of nectin-2. (C) Size-exclusion chromatography show-
ing that the E141A mutation in the background of the N81A mutation causes
the shift of monomer (an effect of N81A mutation) to the dimer population.
(D) The presence of the same charges at the homodimer interface causes
unfavorable electrostatics during homophilic interactions, whereas the pres-
ence of two different charges at the heterodimer interface can eliminate the
unfavorable electrostatics as seen at the homodimer interface. (E) Molecular
model showing the heterophilic interaction between nectin-2 (yellow) and
nectin-3 (cyan). The modeling suggests that E141 of nectin-2 contacts K149
of nectin-3, forming a putative H-bond at the center of the interface, which
favors a strong heterophilic interaction.
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head transinteraction of cis-dimers is likely to be sterically
precluded by the prior participation of the IgV domains in the
putative cis-interaction (Fig. 5). Our solution studies (SEC
and AUC) also indicate that the IgV domain of nectin-2 exists
only as a dimer in solution, and higher oligomeric states were
not observed (Fig. 1A) as would be required by the proposed
head-to-head transinteraction of cis-dimers (Fig. 5). Further-
more, in murine nectin-2α, Phe-136 was previously reported to be
crucial for its transinteraction but not for the cis-dimerization
(18). In human nectin-2, Phe-145 is the equivalent residue and
buried at the dimer interface (82.8% buried) (Fig. S5). Introduc-
tion of a single mutant (F145A) disrupts the dimer in solution,
consistent with our interpretation of the current structure as a
physiologically relevant model of the productive transinteraction
(Fig. 2E). Thus, the preponderance of the structural, biochemical,
and comparative data support the crystallographically observed
association of IgV domains as an appropriate model for the tran-
sinteraction that underlies the biological function of the nectins.
However, it remains a possibility that the cis-interaction between
IgV domains proposed on the basis of the nectin-1 structure
could act as a regulatory mechanism to control the extent of
transinteractions.
In summary, on the basis of our structural and biochemical

data, as well as previously reported data (16–19), we believe that
our nectin-2 dimer represents the biologically relevant homo-
philic transinteraction shown in Fig. 5. Moreover, the present
study provides structural and biochemical insights into the
chemical and physical determinants responsible for the spectrum
of affinities and interactions associated with the homophilic and
heterophilic dimers within the nectin family. These insights will
drive the design, execution, and interpretation of experiments to
further dissect the mechanistic basis of cell–cell adhesion.

Materials and Methods
Cloning, Expression, and Purification of Nectin-2. The IgV domain of human
nectin-2 (residues 32–158) was cloned into pET3a (Novagen). Protein was
expressed in E. coli strain BL21 (DE3) pLysS as insoluble inclusion bodies.

Protein expression was induced at an OD600 of 0.5 with 1.0 mM isopropyl
1-thio-D-galactopyranoside. Cells were harvested and suspended in buffer
containing 50 mM Tris·HCl (pH 8.0), 100 mM NaCl, 20% (wt/vol) sucrose,
1 mM EDTA, and 10 mM DTT. DNase I (10 μg/mL) was added to the sus-
pension, the cells were lysed, and insoluble protein was pelleted by centri-
fugation. The inclusion bodies were washed three times with buffer
containing 10 mM Tris·HCl (pH 8.0), 100 mM NaCl, 0.5% Triton X-100, 1 mM
EDTA, and 10 mM DTT. The detergent was removed by washing the in-
clusion bodies twice with this buffer but omitting the Triton X-100. Protein
purity was confirmed by SDS/PAGE.

The purified, detergent-free inclusion bodies were solubilized in buffer
containing 6 M guanidine hydrochloride, 10 mM Na-acetate (pH 4.5), 5 mM
EDTA,and1mMDTT.Thesolubilizedmaterialwas refoldedbyrapiddilution(20,
21) in buffer containing 400 mM arginine–HCl, 100 mM Tris·HCl (pH 8.0), 1 mM
EDTA, 5 mM reduced glutathione, and 0.5 mM oxidized glutathione. Finally,
the refolded material was purified by size-exclusion chromatography with a
buffer composed of 20 mM Hepes (pH 7.0), 150 mM NaCl, and 1 mM EDTA.

Analytical Ultracentrifugation Sedimentation Equilibrium Analysis. Sedimen-
tation equilibrium experiments were performed at 20 °C using a Beckman XL-
I analytical ultracentrifuge, six-sector cells, and an AN-60Ti rotor. The 280-nm
absorption scans of Nectin-2 present in 20 mM Hepes (pH 7.0), 150 mM NaCl,
and 1 mM EDTA was globally analyzed at 10, 23, and 53 μM protein and
20,000 and 25,000 × g using HeteroAnalysis ver 1.1.44 (22). Buffer density
and the partial specific volume were calculated using SEDNTREP version 1.01
(23). AUC data and fits are shown in Dataset S1.

Crystallization and Structure Determination. The IgV domain of nectin-2 [10
mg/mL in 20 mM Hepes (pH 7.0), 150 mM NaCl, and 1 mM EDTA] was crys-
tallized using the sitting drop vapor diffusion method at room temperature
by mixing 0.5 μL of protein with 0.5 μL of precipitant composed of 0.2 M
MgCl2·6H2O, 0.1 M Tris·HCl (pH 8.5), and 30% PEG 4000 and by equilibrating
over 70 μL of precipitant. A number of tetragonal crystals were obtained
within 3–4 d. Crystals were cryoprotected in mother liquor supplemented
with 15% ethylene glycol before flash-cooling in liquid nitrogen. Diffraction
was consistent with the space group P41212 (a = b = 57.96 Å; c = 67.54 Å; with
one molecule per asymmetric unit). Data were collected at the X29A beam
line (National Synchrotron Light Source) and integrated and scaled with
HKL2000 (24). The structure was determined by molecular replacement with
the program MOLREP (CCP4) using the model 1NEU (Myelin P0 protein) (25).
Initial placement and rigid body refinement with REFMAC5 (26) resulted in
clear density for the whole IgV domain. The model was further improved
by alternative cycles of manual revision with COOT and refinement with
REFMAC5. The final model was refined to 1.3 Å resolution, with Rwork and
Rfree of 15.23% and 17.33%, respectively. Analysis shows that 99.2% of
the residues are in most favored regions and 0.8% in additionally allowed
regions of the Ramachandran plot (Table S1). The atomic coordinates of this
structure were submitted to Protein Data Bank (PDB ID code 3R0N).

Molecular Modeling. The structure models of nectin-2:nectin-3, nectin-3:
nectin-3, and nectin-4:nectin-4 complexes were constructedwith theMODELER
program (27) using a combination of nectin-2 and nectin-1 (PDB ID codes 3R0N
and 3ALP) as structural templates.
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