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In multicellular organisms, cells are interconnected by cell
adhesion molecules. Nectins are immunoglobulin (Ig)-like cell
adhesion molecules that mediate homotypic and heterotypic
cell-cell adhesion, playing key roles in tissue organization. To
mediate cell-cell adhesion, nectin molecules dimerize in cis on
the surface of the same cell, followed by trans-dimerization of
the cis-dimers between the neighboring cells. Previous cell bio-
logical studies deduced that the first Ig-like domain of nectin
and the second Ig-like domain are involved in trans-dimeriza-
tion and cis-dimerization, respectively. However, to understand
better the steps involved in nectin adhesion, the structural basis
for the dimerization of nectin must be determined. In this study,
we determined the first crystal structure of the entire extracel-
lular region of nectin-1. In the crystal, nectin-1 formed a
V-shaped homophilic dimer through the first Ig-like domain.
Structure-based site-directed mutagenesis of the first Ig-like
domain identified four essential residues that are involved in the
homophilic dimerization. Upon mutating the four residues,
nectin-1 significantly decreased cis-dimerization on the surface
of cultured cells and abolished the homophilic and heterophilic
adhesion activities. These results indicate that, in contrast with
the previous notion, our structure represents a cis-dimer. Thus,
our findings clearly reveal the structural basis for the cis-
dimerization of nectins through the first Ig-like domains.

In multicellular organisms, cells are interconnected by cell-
cell junctions, which are involved in embryogenesis, tissue
organization, and tissue homeostasis. Cell adhesion molecules
(CAMs)? are the main adhesive components of the cell-cell
junctions (1-3). CAMs trans-interact with the CAMs on the
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neighboring cells via their extracellular regions. CAMs assem-
ble into a ladder-like configuration, thereby converting their
trans-interactions into physiological cell-cell adhesion (1-3).
Disruption of cell-cell adhesion causes various serious diseases,
including carcinogenesis and cancer metastasis. Therefore, it is
important to understand how CAMs organize cell-cell adhe-
sion. Of the CAMs identified to date, numerous studies have
focused on cadherins because they are the main CAM:s in adhe-
rens junctions (1, 3, 4). The extracellular regions of cadherins
homophilically interact in ¢rans with each other (1, 3, 4), medi-
ating homotypic cell-cell adhesion involved in embryogenesis,
tissue morphogenesis, and neural development (1, 3, 4). Crystal
structures of the extracellular regions of cadherins have pro-
vided structural insights into the trans-interaction of cad-
herins. However, different studies have proposed different
models for the minimum essential adhesive units underlying
the conversion of the trans-interactions into cadherin adhesion
(5, 6). Currently, the molecular mechanisms that enable CAMs
to assemble and densely pack into the cell-cell junctions remain
poorly understood.

Nectins are immunoglobulin (Ig)-like CAMs that mediate
both homotypic and heterotypic cell-cell adhesion. Nectins
comprise a family with four members (2, 7-9), and the primary
sequence analysis has predicted that each member of the nectin
family contains an extracellular region with three Ig-like
domains, a single transmembrane region, and a cytoplasmic tail
region (2,9). The cytoplasmic tail region is responsible for bind-
ing to the PDZ domain of afadin, an actin-filament-binding
protein (10). Nectins homophilically interact in cis on the same
cell surface and homophilically and heterophilically interact in
trans between neighboring cells, thereby mediating homotypic
cell-cell adhesion as well as heterotypic one (2, 7-9). Of
the combinations of trans-interactions, the trans-interaction
between nectins-1 and -3 is the strongest (11). Indeed, the
trans-interaction between nectins-1 and -3 plays important
roles in various aspects of the central nervous system, including
axon guidance and synaptogenesis (2, 7-9). It has been deduced
from previous cell biological and biochemical studies that the
first Ig-like domain of nectin is necessary for the formation of

imidyl) suberate; gD, glycoprotein D; pAb, polyclonal antibody; PAJ,
puncta adherentia junction.
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trans-dimers, but not for cis-dimers, whereas the second Ig-like
domain contributes to the formation of cis-dimers (12—14). The
function of the third Ig-like domain is currently unknown. It
has been also deduced from intermolecular force microscopy
measurement that nectins can adhere through another state, in
addition to the adhesion mediated by interactions between the
first Ig-like domains (15). In this novel adhesion state, the first,
second, and third Ig-like domains interact in trans with the
third, second, and first Ig-like domains of another nectin mol-
ecule, respectively, in a zipper-like fashion. However, the adhe-
sive strength induced by this state is weaker than that mediated
by the interaction between the first Ig-like domains. To under-
stand nectin adhesion better, the structural basis for the inter-
actions between all of the extracellular domains of nectins must
be determined.

Evidence is accumulating that the formation of adherens
junctions is guided by nectins (2, 7-9). Nectins first form the
initial cell-cell contact between two neighboring cells and
encircle the cells in a belt-like fashion, along with assembly of
peripheral actin filament bundles. Following the formation of
the nectin-based cell-cell adhesions, cadherin is recruited to the
nectin-based adhesion sites, eventually forming strong cell-cell
adhesions. In addition to the cooperative role of nectins with
cadherins, nectins can organize cell-cell adhesion, particularly
heterotypic adhesion, in a cadherin-independent manner (2,
7-9, 16, 17). During early development of the vertebrate cen-
tral nervous system, nectins-1 and -3 but not cadherins are
expressed in commissural axons and floor plate cells, respec-
tively (17). The trans-interaction between nectins-1 and -3
dominantly organizes the heterotypic cell-cell adhesion
between commissural axons and floor plate cells and regu-
lates changes in the trajectory of commissural axons (17).
Nectins also play a dominant role in germ cell differentiation
in the testis. In the latter half of spermatogenesis, spermatids
form prominent heterotypic cell-cell junctions with Sertoli
cells called Sertoli cell-spermatid junctions, where the exis-
tence of the cadherin system has been questionable (16).
Nectins-2 and -3 reside in Sertoli cells and spermatids,
respectively, and the tramns-interaction between nectins-2
and -3 regulates the organization of the Sertoli cell-sperma-
tid junctions (16). Therefore, structural insight into nectin-
mediated cell adhesion is required to understand the molec-
ular anatomy of cell-cell adhesion better. Mutations in the
nectin gene are also associated with some disorders whose
pathologies are characterized by cleft lip/palate, syndactyly,
mental retardation, and ectodermal dysplasia (18-21). In
addition, nectins regulate many other cellular activities such
as movement, proliferation, survival, differentiation, polar-
ization, and viral entry, in cooperation with other CAMs and
cell surface membrane receptors (2, 7-9, 22). Thus, under-
standing the architecture of nectin adhesion is particularly
important.

Here, we show the crystal structure of the entire extracellular
region of nectin-1. In the crystal, nectin-1 forms a pseudo 2-fold
symmetric and a V-shaped homophilic dimer through polar
interactions between the first Ig-like domains. Structure-based
site-directed mutagenesis studies of the first Ig-like domain
identified four residues that are essential for the homophilic
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dimerization. Upon mutating the four residues, nectin-1 signif-
icantly decreased cis-dimerization on the surface of the cul-
tured cells and lost homoptypic adhesion as well as heterotypic
adhesion with nectin-3. Therefore, these results reveal that
nectin cis-dimerizes through the first Ig-like domain. Based on
our findings, we discuss the role of the cis-dimer of nectin as an
adhesive unit in the formation of nectin-based cell-cell junc-
tions. To our knowledge, this is the first report of the crystal
structure of this member of the nectin family.

EXPERIMENTAL PROCEDURES

Protein Expression and Purification—cDNAs corresponding
to the extracellular region of human nectin-la (residues
30-335) (nectin-1-EC) and mouse nectin-1a mutant (residues
30-335, T63A, Q64A, E125A, and N133A) (nectin-1-EC-
4mut) were subcloned into the BamHI and Notl sites of the
prokaryotic expression vector pET21b(+) (Novagen), which
encodes a C-terminal His, tag. The proteins were expressed in
Escherichia coli strain BL21 (DE3) (Novagen) as inclusion bod-
ies. The inclusion bodies were dissolved in a buffer containing
50 mm MES-NaOH, pH 6.0, 8 M urea, 1 mm EDTA, 1 mm DTT.
The samples were then refolded by 300-fold dilution into
refolding buffer containing 500 mwm L-arginine, 100 mm Tris-
HCl, pH 9.0, 2 mmM oxidized glutathione, and 1 mm reduced
glutathione, followed by incubation at 4 °C for 48 h. The sam-
ples were subjected to size-exclusion chromatography on a
Hiload 16/60 Superdex 200 column (GE Healthcare). The frac-
tions indicative of the oligomeric form of nectin-1-EC proteins
were dialyzed against 20 mm MES-NaOH, pH 6.0, to precipitate
almost misfolded proteins, and subjected to a HiTrap SP HP
column (GE Healthcare) followed by a Mono Q column (GE
Healthcare). Overall, ~0.5 mg of the refolded nectin-1-EC and
~0.1 mg of the refolded nectin-1-EC-4mut were purified from
0.1 g of inclusion bodies.

To express the native nectin-1-EC protein, cDNA corre-
sponding to the signal peptide and the extracellular region of
mouse nectin-la (residues 1-335) was subcloned into mam-
malian expression vector pcDNA3.1 with a C-terminal exten-
sion consisting of a TEV cleavage site and a Hisg tag followed by
amyc tag and a His, tag, and transfected into HEK293 cells with
Effectene (Qiagen). Cells stably expressing and secreting nec-
tin-1-EC with the C-terminal Hisg-myc-His, tag (nectin-1-EC-
myc) were selected by culturing the cells in the presence of 500
pg/ml G418. The native nectin-1-EC-myc was purified with
nickel-agarose (Qiagen) from the conditioned medium in
accordance with the manufacturer’s instruction. The extracel-
lular region of mouse nectin-3a fused to an Fc fragment of the
human IgG (Nef-3) was prepared as described previously
(23, 24).

Size-exclusion Chromatographic Analysis—For the binding
of nectin-1-EC to Nef-3, 1.1 um nectin-1-EC, 1.1 uMm Nef-3, and
a mixture containing 1.1 uMm each nectin-1-EC and Nef-3 were
incubated in a buffer containing 20 mm Tris-HCI, pH 7.5, 100
mM NaCl at 4 °C for 60 min. The samples (50 ul) were subjected
to a Superdex 200 PC 3.2/30 (GE Healthcare) column and frac-
tionated (100 ul/fraction). For analysis of the homophilic
dimerization, nectin-1-EC and nectin-1-EC-4mut were con-
centrated to 1.5 mg/ml, and filtered using an Ultrafree-MC fil-
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ter (Millipore). Then, 200 wl of the protein solutions was sub-
jected to a Superdex 200 10/300 column (GE Healthcare) with
200 wl.

Crystallization and Data Collection—Crystals were observed
in drops containing equal volumes of nectin-1-EC solution (5
mg/ml in 20 mm Tris-HCl, pH 7.5, 150 mm NaCl, and 6% 1,6-
hexanediol) and precipitant solution (50 mM citric acid, 50 mm
Bis-Tris propane and 1-3% PEG3350) at 23 °C. To improve the
quality of crystal diffraction, the crystals were dehydrated using
25% PEG300 solution. A heavy atom derivative was obtained by
soaking the crystals overnight in this buffer also containing 1
mM K,PtBr,. The diffraction datasets for native and derivative
proteins were collected on a BL44XU at the SPring-8 synchro-
tron facility at 100 K using wavelengths of 0.9000 A and 1.07195
A, respectively. All datasets were processed and scaled with the
HKL-2000 suite (25).

Structural Determination—The structure of nectin-1-EC
was solved by single-wavelength anomalous dispersion with
HKL2MAP interface (26). Model development and refinement
were performed with COOT (27) and phenix.refine (28). The
final model contains residues 36 —336 of chain A, 33-336 of
chain B, as well as 37 water molecules, one 1,6-hexanediol, and
two citric acid molecules. The stereochemical quality of the
final model was checked with MolProbity (29). This analysis
showed no residues in disallowed regions (96.4% in favored
regions and 3.6% in allowed regions) in the Ramachandran plot.
Homophilic cis-dimerization was analyzed using PISA (30)
and Contact (31). All structural figures were prepared using
PyMOL (32).

Analytical Ultracentrifugation—Sedimentation velocity mea-
surements were performed using a Beckman-Coulter Optima
XL-I analytical ultracentrifuge (Beckman Coulter). 360 ul of
protein solution at concentrations of 1.00, 0.67, and 0.33 mg/ml
for nectin-1-EC and nectin-1-EC-4mut were first centrifuged
at 3,000 rpm (700 X g) for 5 min to stabilize its temperature,
followed by centrifugation at 50,000 rpm (201,600 X g).
Absorbance data at 280 nm was measured for 5 h at 5-min
intervals. All measurements were carried out at a constant tem-
perature of 4 °C with a radial increment of 0.003 cm in the
continuous scanning mode. Sedimentation velocity data were
analyzed using the program SedAnal (33). For sedimentation
equilibrium experiments on nectin-1-EC and nectin-1-EC-
4mut, the protein solutions were centrifuged at concentrations
0f 1.20, 0.56, and 0.24 mg/ml. The rotor speeds were 12,000 rpm
(11,612 X g) and 15,000 rpm (18,144 X g) for nectin-1-EC, and
15,000 rpm (18,144 X g) and 18,000 rpm (26,127 X g) for nec-
tin-1-EC-4mut. The equilibrium concentration profiles were
recorded by monitoring absorbance at 280 nm across the cen-
trifugation cell with a radial increment of 0.001 cm in the con-
tinuous scanning mode. All measurements were carried out at a
constant temperature of 4 °C. Sedimentation equilibrium data
were analyzed using Beckman analytical software (34).

Establishment of Stable Transformants—cDNA encoding a
full-length mouse nectin-1a mutant (T63A, Q64A, E125A, and
N133A) (nectin-1-4mut) was subcloned into the pCAGIpuro
vector (14) and the pPGKIH vector (12). L cells were trans-
fected with pCAGIpuro-nectin-1-4mut or pPGKIH-nectin-1-
4mut with Effectene (Qiagen). The cells were cultured for 1 day,
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replated, and selected by culturing in the presence of 5 ug/ml
puromycin (Sigma) or 500 ug/ml hygromycin (InvivoGen),
respectively, as described previously (12). For a trans-interac-
tion-deficient mutant, cDNA for the full-length mouse nec-
tin-1a mutant (F129L) was used instead of nectin-1-4mut.

Immunofluorescence Microscopy—The cells cultured on cov-
erslips for 2—3 days were fixed in 1% formaldehyde, and blocked
in PBS containing 1% bovine serum albumin (BSA) for 60 min
without permeabilization. The samples were incubated with a
rat anti-nectin-1 mAb raised against the extracellular region of
nectin-1 (35), followed by incubation with an Alexa Fluor 488-
labeled anti-rat IgG secondary Ab (Invitrogen) for 30 min. The
specimens were analyzed by confocal laser scanning micro-
scope as described previously (12, 36).

Chemical Cross-linking—Chemical cross-linking was per-
formed as described previously (12, 13, 22) with a slight modi-
fication. Briefly, to obtain a single-cell suspension, the cells
were incubated in 0.03125% trypsin and 1 mm EDTA at 37 °C
for 5 min and dispersed by gentle pipetting. The cell suspension
(1 X 10° cells/ml) was then incubated with PBS containing 1
mM bis-(sulfosuccinimidyl) suberate (BS3) (Pierce). After incu-
bation at 14 °C for 15 min, the reaction was stopped by adding
10 mm Tris-HCI, pH 7.5. The cells were washed with PBS and
counted to confirm that there was no aggregation in the cell
suspension. The cells were then lysed and subjected to immu-
noblotting with a rabbit anti-nectin-1 pAb raised against the
cytoplasmic region of nectin-1 (22, 36, 37).

Cell Aggregation Assay—The cell aggregation assay was per-
formed as described previously (12, 13, 22, 23). Briefly, a single-
cell suspension (1 X 10° cells/ml) was obtained as described
above, and suspended in Hanks’ balanced salt solution. The
cells were then placed in 12-well plates precoated with BSA and
rotated on a gyratory shaker at 37 °C for the indicated times.
Aggregation was stopped with the addition of 2% glutaralde-
hyde. The extent of aggregation of cells is represented by the
ratio of the total number of particles at time ¢ of incubation (Nt)
to the initial number of particles (No). In some instances, nec-
tin-3-L cells were prelabeled with Dil (Invitrogen) as described
previously (38).

RESULTS

Crystallization of the Extracellular Region of Nectin-1ae—To
gain insight into the structure of nectin, we first attempted to
crystallize the entire extracellular region of nectin-la (nectin-
1-EC) expressed in HEK293 cells. Despite the high purity of the
glycosylated nectin-1-EC proteins, no crystals were obtained,
suggesting that glycosylation presumably inhibits the crystalli-
zation. Therefore, we next prepared the nonglycosylated form
of nectin-1-EC using E. coli. Because nectin-1-EC formed
inclusion bodies in E. coli, it was extracted with urea and
refolded with rapid dilution method (see “Experimental Proce-
dures”). The activity of the purified nectin-1-EC proteins was
validated by its binding to the extracellular region of nectin-3c.
Nectin-1-EC, the extracellular region of nectin-3« fused to an
Fc fragment of the human IgG (Nef-3), or a mixture of nectin-
1-EC and Nef-3 was subjected to size-exclusion chromatogra-
phy followed by SDS-PAGE. Nectin-1-EC alone and Nef-3
alone were eluted in fractions 16 -17 and 10-14, respectively
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FIGURE 1. Binding of nectin-1-EC to Nef-3. Nectin-1-EC proteins expressed
in E. coli, Nef-3, and a mixture of the nectin-1-EC proteins and Nef-3 were
subjected to a Superdex 200 column, respectively. The resulting fractions
were subjected to SDS-PAGE followed by staining with Coomassie Brilliant
Blue.

(Fig. 1). On the other hand, in the mixture of nectin-1-EC and
Nef-3, nectin-1-EC was co-eluted with Nef-3 in fractions
10-14. We also carried out similar assays using native nectin-
1-EC expressed in HEK293 cells instead of the refolded one and
observed that the native nectin-1-EC was also co-eluted with
Nef-3 (supplemental Fig. 1, A and B). These results indicate
that, similar to native nectin-1-EC, refolded nectin-1-EC has a
potency to bind to nectin-3, allowing us to assume that the
nectin-1-EC proteins are renatured. Therefore, we proceeded
to crystallize the nectin-1-EC proteins and successfully ob-
tained a sufficient number of crystals enough for high resolu-
tion analysis.

Crystal Structure of Nectin-1-EC—The obtained crystal
structure of nectin-1-EC is shown in Fig. 2. The final model has
been refined to R, and Ry, of 19.0% and 22.6%, respectively,
and comprises residues 36 —336 of chain A and 33-336 of chain
B (Table 1). The crystallographic asymmetric unit was com-
posed of two nectin-1-EC molecules, each of which had a sim-
ilar structure and exhibited a root mean square deviation of 1.2
A as calculated in COOT with the SSM algorithm (27). Primary
sequence analyses of nectins have predicted that each member
of the nectin family has an extracellular region containing three
Ig-like domains (2,9). The first Ig-like domain has been deduced
to belong to the V-set domain, an Ig-like domain resembling
the variable domain of immunoglobulin, whose structure is
composed of two 3-sheets with nine 3-strands (39). Consistent
with this prediction, the crystal structure of the nectin-1-EC
molecule displays three tandem Ig-like domains, termed the
first, second and third Ig-like domains (Fig. 24). Two nectin-
1-EC molecules assemble into a V-shaped homophilic dimer
through the first Ig-like domains. In this dimer, the distance
between the third Ig-like domains is ~170 A, and the distance
from the first Ig-like domain to a line connecting the third Ig-
like domains is ~90 A as shown in Fig. 24. The first Ig-like

12662 JOURNAL OF BIOLOGICAL CHEMISTRY

domain contains two B-sheets with nine B-strands. The nine
B-strands are denoted, from the N terminus, as A, B, C, C’,
C", D, E, F, and G (Fig. 2B), and the amino acid position of
each strand is shown in supplemental Fig. 2. A disulfide bond
between Cys®" and Cys'** and a salt bridge between Arg™®
and Asp''® connect the two B-sheets (strands BED and AGF-
CC’'C"). In addition, the first Ig-like domain shares high
sequence identity (27.8%) and structural similarity (root
mean square deviation = 3.0 A) with the V-set domain of
nectin-like molecule (Necl)-5 (also known as CD155), an Ig-
like CAM (40). These results support the notion that the first
Ig-like domain is a V-set domain. On the other hand, both
the second and third Ig-like domains were classified as
C2-set Ig-like domains because of the absence of strands C’
and C” (39). Although the frameworks of these C2-set
domains are very similar (root mean square deviation = 2.2
A), the third Ig-like domain has much shorter strands D and
E and a flipped CD loop. The dimeric interface, which buries
a solvent-accessible area of ~1668 A% and is most extensive
during crystal packing (the other contact area is less than
~1332 A?), comprises the B-strands GFCC'C” and the FG
loop. The side chain atoms of Thr®?, GIn®*, Asn”’, Ser®®,
Glu'?®, and Asn'®3, and the main chain atoms of Thr!?%,
Pro'?°,and Asn'® from the A and B molecules form thirteen
hydrogen bonds in the dimeric interface (supplemental
Table 1). In addition, the dimeric interface involves two salt
bridges (Lys’°~Glu'®®) and three van der Waals interactions
between the side chains of Thr®® and Thr®® and between
those of Met®® and Phe'? (Fig. 3).

The first, second, and third Ig-like domains were configured
into a rod-like shape with a length of ~130 A in length (Fig. 2B).
In this region, the long axis of the second Ig-like domain was
inclined at ~15° and ~40° to the first and third Ig-like domains
respectively. The first and second Ig-like domains were con-
nected by the linker (residues 144 —146), an EF loop in the first
Ig-like domain, and a BC loop in the second Ig-like domain, and
were stabilized by the two hydrogen bonds between the main
chain atoms of Ala'** and Lys'”®, one salt bridge (Glu'*’-
Lys'”®), and one van der Waals interaction between the side
chains of Ile*® and Ala'** (Fig. 2C). The second and third Ig-like
domains were connected by the linker region (residues 242—
247), AB and EF loops in the second Ig-like domain, and a BC
loop in the third Ig-like domain, and were stabilized by the
hydrogen bonds among the linker residues Asp>*?, GIn***, and
Tyr®*, three salt bridges (Glu*>**~Lys'®', Asp*’?~Arg®*°, and
Asp®”?>~Arg>"), and the van der Waals interaction between the
side chains of Arg*'” and Tyr**® (Fig. 2D). These interactions
contributed to stabilize the orientations of each domain of nec-
tin-1-EC (supplemental Table 2).

Involvement of the Hydrogen Bonds between the First Ig-like
Domains in Homophilic Dimerization of Nectin-1-EC—We
next examined the role of the hydrogen bonds between the first
Ig-like domains in the homophilic dimerization of nectin-1. To
impair the hydrogen bond network, we mutated four residues
that formed the hydrogen bonds in the dimeric interface
(Thr®?, GIn®*, Glu'®®, and Asn'?3) to alanines, and the mutant
protein (nectin-1-EC-4mut) was prepared in the same manner
as nectin-1-EC. Nectin-1-EC and nectin-1-EC-4mut were sub-
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~170 A

Crystal Structure of the cis-Dimer of Nectin-1

Second

FIGURE 2. Crystal structure of nectin-1-EC and the interdomain interface at 2.8 A. A, solvent-accessible surface and ribbon diagram of the V-shaped
nectin-1-EC dimer. Each molecule is colored differently. The Ig-like domains (first, second, and third) are labeled. B, ribbon diagram of nectin-1-EC. The first,
second, and third Ig-like domains, and the short linker regions between the Ig-like domains are shown in red, orange, green, and cyan, respectively. The
B-strands are labeled with capital letters in alphabetical order starting from the N terminus of each Ig-like domain, according to the immunoglobulin conven-
tion. Cand D, close-up views of boxed interdomain interfaces. The residues involved in domain-domain interactions are drawn in stick representation. Oxygen
and nitrogen molecules are colored red and blue, respectively. Hydrogen bonds and salt bridges are drawn as dotted black and red lines, respectively.

jected to analytical unltracentrifugation, and the sedimentation
equilibrium data were analyzed with the program SedAnal (33)
and Beckman analytical software (34). The sedimentation coef-
ficient for nectin-1-EC increased from ~2.6 up to ~2.9 in a
concentration-dependent manner, whereas nectin-1-EC-4mut
sedimented as a single species with S ~2.5 at all of the tested
concentrations (Fig. 44). The sedimentation equilibrium data
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showed that nectin-1-EC existed in a monomer-dimer equilib-
rium at lower concentrations (absorbance at 280 nm < ~1.1)
but in higher order oligomeric states at higher concentrations
(absorbance at 280 nm > ~1.1) (supplemental Fig. 3A4). There-
fore, we used absorbance data up to 1.1 (absorbance at 280 nm)
for the global-fit calculation to avoid an effect of this higher
order oligomeric state. In contrast, nectin-1-EC-4mut existed
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TABLE 1
Data collection and refinement statistics of human nectin-1«
Extracellular Extracellular
Collection and statistics region native region K,PtBr,
Data collection
Space group P23 P23
Cell dimensions
a,b,c(A) 164.9, 164.9, 164.9 166.3, 166.3, 166.3
aBy() 90, 90, 90 90, 90, 90
Resolution (A) 50-2.8 (2.9-2.8)" 50-3.75 (3.88-3.75)*
merge 6.8 (35.8) 9.6 (47.0)
I/l 19.4 (4.3) 20.5 (4.3)
Completeness (%) 97.9 (96.8) 100.0 (100.0)
Redundancy 3.8(3.9) 6.3 (6.5)
Refinement
Resolution (A) 35.99-2.80
No. reflections 34,698
R, o/ Riree 0.190/0.226
No. atoms
Protein 4,646
Ligand/ion 34
Water 37
B-factors
Protein 80.19
Ligand/ion 99.11
Water 61.36
Root mean square deviations
Bond lengths (A) 0.010
Bond angles (%) 1.247

“ Highest resolution shell is shown in parentheses.

in a monomer-dimer equilibrium across the concentration
range tested (supplemental Fig. 3B). The K, values for the
monomer-dimer equilibrium of nectin-1-EC and nectin-1-EC-
4mut were ~3 uMm and 275 uMm, respectively, based on the sed-
imentation data (supplemental Fig. 3, C and D). These results
indicate that the mutations weaken the homophilic dimeriza-
tion. Next, nectin-1-EC and nectin-1-EC-4mut were subjected
to the size-exclusion chromatography using a calibrated Super-
dex 200 10/300 GL column. Nectin-1-EC was eluted as a single
peak at an elution volume of 14.4 ml, corresponding to a glob-
ular protein with an apparent molecular mass of ~63 kDa (Fig.
4B). Nectin-1-EC-4mut eluted at an elution volume of 15.1
ml, with an apparent molecular mass of ~51 kDa. These
results further support the notion that these mutations
weaken the homophilic dimerization. Taken together, these
results indicate that the hydrogen bond network between
the first Ig-like domains is essential for the homophilic
dimerization of nectin-1.

Role of the Hydrogen Bonds in cis-Dimerization of Nectin-1 in
Cultured Cells—To determine the roles of the homophilic
dimerization occurring via the first Ig-like domains in the cell
adhesion activity of nectin-1, we established L fibroblasts stably
expressing full-length nectin-1 (nectin-1-L cells) or the full-
length nectin-1 alanine mutant (nectin-1-4mut-L cells). Immu-
noblotting of the cell lysates with the anti-nectin-1 pAb showed
that the expression level of mutant nectin-1 in nectin-1-4mut-L
cells was similar to that of wild-type nectin-1 in nectin-1-L cells
(Fig. 5A4). We immunostained the nonpermeabilized cells with
an anti-nectin-1 mAb raised against the extracellular region of
nectin-1. Consistent with findings of earlier studies (12, 22, 36,
37), the extracellular immunoreactive signals for nectin-1 were
localized predominantly to the cell-cell junctions in the nectin-
1-L cells (Fig. 5B). Extracellular immunoreactive signals for
mutant nectin-1 were also detected on the cell surfaces of nec-
tin-1-4mut-L cells, indicating that impairment of the hydrogen
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bonds does not affect cell surface trafficking of the nectin-1
molecules. However, mutant nectin-1 was not concentrated at
the cell-cell junctions, but was instead broadly distributed
across the entire cell surfaces. These results suggest that the
hydrogen bonds might be involved in the formation of the nec-
tin-1-based cell-cell junctions, which will be discussed in more
detail below.

We next examined whether impairment of the hydrogen
bonds affected cis-dimerization of nectin-1. Nectin-1-L cells
and nectin-1-4mut-L cells were dissociated to single-cell sus-
pensions and incubated with or without a cell surface chemical
cross-linker, BS3, followed by immunoblotting with the anti-
nectin-1 pAb. In the absence of BS3, both cell types showed
immunoreactive bands at about 100 kDa that were indicative of
monomeric nectin-1 molecules (Fig. 6). Consistent with earlier
studies (12, 22), in the presence of BS3, intensity of the 100-kDa
immunoreactive band corresponding to monomeric nectin-1
was decreased in nectin-1-L cells; instead, these cells showed an
additional band with a molecular mass of about 200 kDa corre-
sponding to the cis-dimer of nectin-1. In contrast, in the pres-
ence of BS3, the nectin-1-4mut-L cells showed significant
decrease of the immunoreactive band corresponding to the cis-
dimers, and instead showed increase of the immunoreactive
band corresponding to monomeric nectin-1. Similar results
were also obtained when we used three independent clones of
nectin-1-4mut-L cells (data not shown).

We also confirmed that the 200-kDa immunoreactive band
represented the cis-dimer of nectin-1 by using a point mutant of
nectin-1 that abolished trans-interaction but not cis-dimeriza-
tion. It has been reported that substituting phenylalanine at
position 136 with leucine abolishes frans-interaction but not
cis-dimerization of nectin-2 (12). Based on this report, we gen-
erated a point mutant of nectin-1 (nectin-1-F129L) in which
phenylalanine at position 129 (equivalent to Phe'>® in nectin-2)
was substituted with leucine, and confirmed that the L cells
stably expressing nectin-1-F129L (nectin-1-F129L-L cells)
were unable to trans-interact in the cell aggregation assay (sup-
plemental Fig. 4). Then, nectin-1-L cells and nectin-1-F129L-L
cells were subjected to the chemical cross-linking assay. In the
absence of BS3, both cell types showed the 100-kDa immuno-
reactive bands corresponding to monomeric nectin-1 (supple-
mental Fig. 5). In both cell types, in the presence of BS3, the
intensity of the 100-kDa band decreased whereas the band with
a molecular mass of ~200 kDa became prominent. These
results indicate that trans-interaction is not involved in the for-
mation of the 200-kDa immunoreactive band and confirm that
this band represents the cis-dimer of nectin-1.

Collectively, these results indicate that impairing the forma-
tion of hydrogen bonds greatly reduces the cis-dimerization of
nectin-1. Taken together, our present results indicate that the
solved crystal structure of the nectin-1 dimer, which is formed
by the interactions between the first Ig-like domains, reflects a
cis-dimer.

Abolishment of Cell Adhesion Activities of Nectin-1 by
Impairment of the Hydrogen Bonds—cis-Dimerization of
nectin is thought to be a prerequisite for trans-interaction fol-
lowed by the formation of the cell-cell junctions (2, 9). There-
fore, the impaired cis-dimerization of mutant nectin-1 would

VOLUME 286+NUMBER 14+APRIL 8, 2011

6T0Z ‘0T JSGUBAON U0 A LISHIAINN YHYSO R /B10°00 [ Mmaw/:diy Loy papeojumoq


http://www.jbc.org/cgi/content/full/M110.197368/DC1
http://www.jbc.org/cgi/content/full/M110.197368/DC1
http://www.jbc.org/cgi/content/full/M110.197368/DC1
http://www.jbc.org/cgi/content/full/M110.197368/DC1
http://www.jbc.org/cgi/content/full/M110.197368/DC1
http://www.jbc.org/cgi/content/full/M110.197368/DC1
http://www.jbc.org/

FIGURE 3. Homophilic dimer interface of nectin-1-EC. A, ribbon diagram of
the nectin-1-EC dimer interface viewed along a pseudo 2-fold axis. The
residues that form hydrogen bonds are drawn in stick representation. Each
molecule is colored differently. Oxygen and nitrogen molecules are colored
red and blue, respectively. Hydrogen bonds are drawn as dotted black lines.
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FIGURE 4. Decreased dimerization of nectin-1-EC by mutations that
impair hydrogen bond formation. A, g(s*) analysis of nectin-1-EC and nec-
tin-1-EC-4mut by sedimentation velocity. The protein concentration ranges
from 0.33 to 1.00 mg/ml. The curves are normalized to a total area of unity.
B, size-exclusion chromatographs of nectin-1-EC and nectin-1-EC-4mut.

be expected to lead to the loss of the cell adhesion capability. In
agreement with this notion, the localization of mutant nectin-1,
as shown in Fig. 5B, suggests the loss of the nectin-1-based
cell-cell junctions. To confirm further that the crystal structure
reflects a cis-dimer and that the impaired cis-dimerization led
to the loss of the cell adhesion capability, we performed cell

B, a 90° rotated view of A. The residues that formed salt bridges are drawn in
stick representation. C, van der Waals interactions between the side chains of
Met®® and Phe'?°, Phe'? is a key residue for trans-interaction.
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A IB: anti-nectin-1 pAb

B Anti-Nectin-1 mAb DIC

L cell

Nectin-1-L

Nectin-1-4mut-L

FIGURE 5. Characterization of L fibroblast stably expressing the nectin-1
mutant where the hydrogen bonds in the dimer interface are impaired.
A, expression level of mutant nectin-1. Cell lysates were prepared from paren-
tal L cells, nectin-1-L cells, and nectin-1-4mut-L cells and subjected to SDS-
PAGE followed by immunoblotting with the anti-nectin-1 pAb. B, cell surface
localization of mutant nectin-1. Parental L cells, nectin-1-L cells, and nectin-
1-4mut-L cells were fixed in formalin. Without permeabilization, the cells
were immunostained with the anti-nectin-1 mAb raised against the extracel-
lular region of nectin-1. DIC, differential interference contrast. Scale bars,
10 wm.

aggregation assays. Nectin-1-L cells, nectin-1-4mut-L cells, and
L cells were dissociated to single-cell suspensions as in Fig. 6
and gently agitated. Consistent with the findings of earlier stud-
ies (12, 22, 37), nectin-1-L cells, but not L cells, formed cell
aggregates in a time-dependent manner (Fig. 7, A and B). In
contrast, nectin-1-4mut-L cells did not aggregate. These results
indicate that impairing the hydrogen bonds abolishes the
homophilic cell adhesion activity of nectin-1. We next assessed
the effect of these mutations on the heterophilic cell adhesion
activity by agitating nectin-1-L cells or nectin-1-4mut-L cells
with dissociated L cells stably expressing full-length nectin-3
(nectin-3-L cells). Consistent with the previous reports show-
ing that nectin-1 preferentially ¢rans-interacts with nectin-3
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FIGURE 6. Decreased cis-dimerization of nectin-1 by impairment of
hydrogen bond formation. Nectin-1-L cells and nectin-1-4mut-L cells were
dissociated to single-cell suspensions and incubated with or without a mem-
brane impermeable cross-linker, BS3, for 15 min at 14 °C. The cells were lysed
with the SDS sample buffer and subjected to SDS-PAGE followed by immu-
noblotting with the anti-nectin-1 pAb. The result shown is representative of
three independent experiments. Quantification of the relative intensities of
the 200-kDa bands in the presence of BS3 is shown in the right panel.

(11, 14, 23, 35), the nectin-1-L cells and nectin-3-L cells formed
large cell aggregates in a time-dependent manner. Dil-labeling
of nectin-3-L cells revealed that the large aggregates were
mosaic arrangements of nectin-1-L cells and nectin-3-L cells
(Fig. 7C), indicating heterophilic cell adhesion activity of nec-
tin-1 and nectin-3. In contrast, the mixture of nectin-1-4mut-L
cells and nectin-3-L cells formed moderately sized cell aggre-
gates, similar to those formed by nectin-3-L cells alone. The
Dil-labeling also showed that the cell aggregates in the mixture
of nectin-1-4mut-L cells and nectin-3-L cells were only com-
posed of nectin-3-L cells. Therefore, impairing the hydrogen
bonds abolishes the heterophilic cell adhesion activity of
nectin-1. Similar results were also obtained when we used three
independent clones of nectin-1-4mut-L cells (data not shown).
Taken together, these results indicate that the cis-dimerization
of nectin-1 through the first Ig-like domains is a prerequisite for
both homophilic and heterophilic cell adhesion activities.

DISCUSSION

In this study, we have provided the first crystal structure of
the entire extracellular region of nectin-1, a member of the
nectin family of proteins, and showed that nectin-1 forms
the cis-dimer by interactions between the first Ig-like
domains. We also found that the first Ig-like domain-medi-
ated cis-dimerization is a prerequisite for the cell adhesion
activity of nectin-1 (Fig. 7), indicating that cis-dimerization
precedes trans-interaction.

In contrast to our crystallographic data, a previous cell bio-
logical study that used several deletion mutants of nectin, sug-
gested that the second Ig-like domain is involved in cis-interac-
tion (13). How can we explain these differing results? In general,
CAMs have been postulated to cluster in a lateral direction to
convert the intrinsic binding activity of their extracellular
regions into physiological cell-cell adhesion (1). Therefore, one
possibility is that the second Ig-like domain of nectin may be
involved in the lateral clustering of the cis-dimer. In this case,
the previous result that deletion of the second Ig-like domain
abolishes the cell adhesion activity of nectin (13) is in good
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FIGURE 7. Abolishment of cell adhesion activities of nectin-1 by impairment of hydrogen bond formation. A, cell aggregation assay. Parental L cells,
nectin-1-L cells, nectin-1-4mut-L cells, and nectin-3-L cells were dissociated to single-cell suspensions. Then, the indicated combinations of cells were agitated
for 5 min and fixed in glutaraldehyde. Scale bars, 100 um. The results shown are representative of three independent experiments. B, quantification of
time-dependent cell aggregation. The cell aggregation assays were carried out for the indicated times. The extent of cell aggregation is represented as the ratio
of the total number of particles at time t of incubation (Nt) to the initial number of particles (No). The results shown are representative of three independent
experiments. C, cell aggregation assay using Dil-labeled nectin-3-L cells. Nectin-3-L cells prelabeled with Dil, nectin-1-L cells, and nectin-1-4mut-L cells were
dissociated to single-cell suspensions. The indicated combinations of cells were agitated for 3-5 min and immediately observed under a fluorescence
microscope. Scale bars, 20 um. The results shown are representative of three independent experiments.

agreement with the importance of the lateral clustering. In
addition to cis-dimerization, the first Ig-like domain is also
involved in frans-interaction (12-14). The previous site-di-
rected mutational analysis of nectin (12) and the results
obtained in this study (supplemental Figs. 4 and 5) indicate that

APRIL 8,2011-VOLUME 286-NUMBER 14 YASEMB\_

Phe'*? in the first Ig-like domain is critical for trans-interaction
but not for cis-dimerization. Our structure of nectin-1 indicates
that Phe'*” is located on the top of the dimeric interface and is
solvent-accessible (Fig. 3C and supplemental Fig. 6). The trans-
interaction is likely to be formed by the two cis-dimers in a
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head-to-head manner around the common pseudo 2-fold axis.
Collectively, these results suggest a possible molecular mecha-
nism to explain how nectins built cell-cell junctions. Nectins
first form cis-dimers through the first Ig-like domains on the
surface of the same cell, which is followed by lateral clustering
of the cis-dimers through the second Ig-like domains. Then, the
lateral clusters of the cis-dimers undergo trans-interactions
between the neighboring cells through the first Ig-like domains,
resulting in the formation of nectin-based cell-cell junctions.
The x-ray structures of the first Ig-like domain of Necl-1 and
the first-second Ig-like domains of Necl-5 were recently re-
ported (40, 41). In the crystals, these Necls formed the homo-
philic dimers via the AGFCC'C" B-sheets in the first Ig-like
domains in the same manner as cis-dimerization of nectin-1.
Notably, it was presumed that the crystal structure of Necl-1
revealed the homophilic trans-interaction at synapses. How-
ever, expecting that the mechanisms by which nectin-1 and
Necl-1 that form the cell-cell junctions are similar, our findings
may also lead to persuasive proposal that the Necl-1 dimer
reflects a cis-dimer.

Our crystal structure revealed that nectin-1 possesses two
short linkers of three and five residues that connect the first and
second Ig-like domains, and the second and third Ig-like
domains, respectively. In the interdomain interface between
the first and second Ig-like domains, one van der Waals inter-
action between the side chains of Ile** and Ala'** and one salt
bridge (Glu''*~Lys'”®) are interconnected by two hydrogen
bonds between the main chain atoms of Ala***and Lys'”® (sup-
plemental Fig. 7A). In the interdomain interface of the second
and third Ig-like domains, the two hydrogen bonds of His**°—
Asn*”* and Asn***~Asn*”* and one van der Waals interaction
between the side chains of Arg*'” and Tyr**® are intercon-
nected by two hydrogen bonds between the main chain atoms
of Tyr***> and Asn*’*. These interactions define the relative
orientations of the first and second, and the second and third
Ig-like domains, resulting in the rod-like shape of nectin-1.
Sequence alignments of the extracellular regions of human
nectins show that all of the residues located at equivalent posi-
tions in each nectin are probably capable of participating in
these interactions, except for an absence of the salt bridges in
the interdomain interface between the first and second Ig-like
domains in nectins-3 and -4 (supplemental Fig. 2). Therefore,
all of the human nectins likely adopt the similar orientations of
the first and second, and the second and third Ig-like domains,
resulting in a rod-like shape.

The residues mediating the homophilic cis-dimer formation
of nectin-1 are not conserved among the members of the nectin
family, except for three residues, namely Thr'**~Pro'*° (sup-
plemental Fig. 2). Although the main chain atoms of Thr'*® and
Pro'*° contribute to the nectin-1-EC dimer interface by form-
ing hydrogen bonds with the side chain atoms of GIn®* and
Ser®®, respectively, the side chains of Thr'*® and Pro'*° do not
directly participate in this dimer interface. Therefore, human
nectins are expected to form homophilic dimer via different
interactions through the AGFCC’C" B-sheets. Given that the
association angle of the first Ig-like domains determines the
height of the homophilic cis-dimer, any difference in the inter-
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action between the AGFCC'C" B-sheets is likely to define the
height of the cis-dimer for each nectin (supplemental Fig. 7B).

Evidence is accumulating that specific nectins regulate cell-
cell adhesion between specific cell types in vivo (2, 7-9). Syn-
apses (special junctions that form between the axons and den-
drites of neurons) are sites of neurotransmission. Two types of
junctions have been identified: synaptic junctions and puncta
adherentia junctions (PAJs) (42). Synaptic junctions function as
neurotransmission sites, whereas PAJs are regarded as mechan-
ical adhesion sites between axon terminals and their targets. At
the PAJs in the synapses between the mossy fiber terminals and
dendrites of pyramidal cells in the CA3 region of the hippocam-
pus, nectins-1 and -3 are asymmetrically localized on the pre-
synaptic and postsynaptic sides, respectively (35). The hetero-
philic trans-interaction between nectins-1 and -3 regulates the
organization of the PAJs (35). A heterophilic ¢rans-interaction
between nectins-2 and -3 dominantly organizes the heterotypic
cell-cell adhesion that is essential for germ cell differentiation in
the testis. During germ cell differentiation, spermatogenic cells
are embraced and cultivated by Sertoli cells during spermato-
genesis (43). In the latter half of spermatogenesis, spermatids
form prominent heterotypic cell-cell junctions with Sertoli cells
(44), where the existence of the cadherin system has been ques-
tionable. Nectins-2 and -3 are specifically expressed in Sertoli
cells and spermatids, respectively, and the heterophilic trans-
interaction between nectins-2 and -3 dominantly organizes the
Sertoli cell-spermatid junctions (16). The unique height of the
cis-dimer of each nectin, as mentioned above, might determine
the distance between the neighboring cells in these particular
cell-cell junctions.

In addition to its role in the cell adhesion, nectin-1 serves as
an entry receptor for herpes simplex virus (HSV) by binding
with the virus envelope glycoprotein D (gD) (22, 45, 46). cis-
Dimerization of nectin-1 through the first Ig-like domain also
provides structural features involved in contacting gD. Al-
though the structural details of the nectin-1-gD complex are
unknown, several mutagenesis studies have shown that the nec-
tin-1 mutant Q76A/N77A/M85A severely reduced the HSV
entry activity (47, 48). These residues are located on the top and
the side regions of the dimeric interface in the first Ig-like
domain of nectin-1 and are solvent-accessible (supplemental
Fig. 6). Soluble gD ectodomains are monomeric (49) and inhibit
cell-cell adhesion activity (trams-interaction) but not cis-
dimerization of nectin-1 (22, 50). Therefore, the cis-dimer of
nectin-1 may have two contact surfaces for binding to the gD
monomer on the upper sides of the first Ig-like domains. Fur-
ther structural studies are required to investigate this in more
detail.
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