








served between mouse and human.) However, the alignment of
these molecules clearly shows that nectin-2v contains an unusual
extended loop (D-E loop, covering residue 112–117 aligned with
Necl-5) between the D and E strands (Fig. 1B). The D-E loops of
the two molecules of the nectin-2v dimer protrude with the same
orientation (to the upper side of the dimeric interface) and display
a flexible conformation (the flexibility can be derived from the fact
that there is no electronic density observed for molecule 2 of the
nectin-2v dimer). More importantly, the uncommon loop of nectin-
2v is due to the addition of residues in the protein sequence of
nectin-2 relative to other nectin and Necl family molecules (Fig. 1C),
indicating that this unique loop is an intrinsic feature of nectin-2.
The structures of nectin-1 (three Ig domains) (54), Necl-1 (V

domain alone) (36), and Necl-3 (V domain alone) (38) reveal that
these molecules also form dimers through the interaction of their
V domains. By superimposing nectin-2 on nectin-1, we found that
the overall conformation of the dimer formed by nectin-2v is
similar to nectin-1, with the root mean square deviation (RMSD)
of 1.472 Å (Fig. 2A), much smaller than the RMSD when aligning
with Necl-1 (RMSD = 8.388 Å) or Necl-3 (RMSD = 8.109 Å).
When we superimposed the first molecules in the asymmetric unit

of these four dimeric proteins (Fig. 2B), we found that the second
molecule (molecule 2 in the asymmetric unit) of nectin-2v is lo-
cated in the same position as nectin-1 molecule 2 but is different
from the position of molecule 2 of Necl-1 and Necl-3.
Detailed analyses of the interface of the two molecules in the

nectin-2v dimer indicated that the formation of the dimer depends
on highly hydrophobic interactions between the two molecules.
The interface area of the two nectin-2v molecules is 861.0 Å2,
which is larger than that of nectin-1 (841.0 Å2), Necl-1 (729.9 Å2),
and Necl-3 (698.0 Å2). Moreover, the interface is mainly formed
by hydrophobic amino acids, including Tyr64, Leu67, Ala84, Met89,
Pro94, Ala143, and Phe145 (Figs. 1C, 2C). These residues within the
interface area of the two molecules have a total exposed hydro-
phobic area of 470.1 Å2, occupying 55.9% of the total interface
area of the two molecules. The unconventional large hydrophobic
interface of nectin-2v dimer is the consequence of a combination
of nectin-2v characteristic residues (unique residues Tyr64, Leu67,
Ala84, and Pro94 in nectin-2 compared with other nectins/Necls in
these positions). In addition to the hydrophobic interaction, the
two molecules form hydrogen bonds to enhance dimer formation.
The generally symmetric hydrogen bonds are formed between

FIGURE 1. Structure of nectin-2v dimer. (A) Overview of the nectin-2v dimer. Two molecules within one asymmetric unit of the nectin-2v structure

clearly display a dimer conformation. Molecule 1 is denoted in green with strands and loops covering with surface. Molecule 2 is represented similarly in

orange. The presumed D-E loop in molecule 2, which has no corresponding electron density, is signified by the orange dotted line. (B) The uncommon D-E

loop within the structure of nectin-2v. Structural superposition of five structure-solved nectin/Necls, including nectin-2 (green), nectin-1 (PDB: 3ALP;

purple), Necl-1 (also known as SynCAM3, PDB: 1Z9M; blue), Necl-3 (also known as SynCAM2, PDB: 3M45; yellow), and Necl-5 (PDB: 3EOW; brown),

demonstrating the unique protrusion of the D-E loop of nectin-2. (C) Structure-based sequence alignment of nectin-2 and other structure-determined nectin

and Necls. Black arrows denote b-strands. Loops above the alignment indicate a-helices. The residues in blue boxes are highly conserved (.80%), and the

residues highlighted in red are completely conserved. The green number “1” denotes residues that form disulfide bonds. Residues that were selected for

mutation in the monomeric FAMP mutant of nectin-2v are highlighted with purple asterisks. The sequence alignment was generated with Clustal X (67) and

ESPript (68).
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Ser66, Asn71, Asn80, His86, Ser92, Glu141, Pro146, Ser149, and
Arg151 in molecule 1 and Ser66, Asn71, Gln81, His86, Ser92, Pro146,
Ser149, and Arg151 in molecule 2 (Fig. 2D).

The role of the hydrophobic interface in nectin-2v dimer
formation

Structural analysis indicated that the dimer conformation of nectin-
2v mainly depends on the hydrophobic interface between the two
V domains. To further verify the pivotal role of the hydrophobic
interface in the homodimer of nectin-2v and elucidate the key
residues within the interface, we generated a mutant of nectin-2v,
termed the FAMP mutant. Four hydrophobic amino acids (Met89,
Pro94, Ala143, and Phe145) in the dimer interface of nectin-2v were
selected for their nondirect van der Waals interactions with the
corresponding residues in the other dimer molecule and replaced
with the nucleophilic amino acid serine in the FAMP mutant. To
observe whether mutagenesis of the hydrophobic interface can ab-
late the nectin-2v homodimer, we determined the structure of the
FAMP mutant. Indeed, we found only one FAMP molecule in the
asymmetric unit and no dimer as the one in the structure of nectin-2v
is formed through the crystal packing or symmetric operation, in-
dicating that the FAMP mutant is a monomeric mutant of nectin-2v.
The overall structure of the FAMP mutant is similar to both

molecules 1 and 2 in the homodimer of nectin-2v, with RMSDs
of 0.524 and 0.496 Å, respectively. When we superimposed the
FAMP mutant structure onto molecule 1 of nectin-2v, we found
that the major differences between the two structures involve a
conformational shift of the loops on the borderline of the in-
terface of the nectin-2v homodimer (Fig. 3A). These loops in the
FAMP mutant float away from the direction of the dimer interface
and adopt a loose conformation compared with the molecules in
the homodimer of nectin-2v. Comparison of the electronic den-
sity of the mutated residues from the FAMP mutant with WT
nectin-2v clearly demonstrates that Met89, Pro94, Ala143, and

Phe145 of nectin-2v have been replaced by four serines (Fig. 3B).
Further analysis of the hydrophobicity of the altered surface of
the FAMP mutant (where the interface of the homodimer of na-
tive nectin-2v is located) indicated that mutation of the four
residues dramatically reduced the area of the hydrophobic in-
terface of nectin-2v (Fig. 3C, 3D), as expected. Transformation of
the nectin-2v dimer into a monomer of the FAMP mutant is
highly correlated with the destruction of the hydrophobic inter-
face of nectin-2v, indicating the pivotal role of the hydrophobic
interface in the formation of nectin-2v homodimers. Thus, the
hydrophobic interface and the ability of nectin-2v to form a tight
dimer may have important roles in its physiological function
(i.e., DNAM-1 binding).
To further verify the monomeric FAMP mutant compared with

the dimeric status of nectin-2v, we performed a series of biochemi-
cal assays. First, nectin-2v and the FAMP mutant were subjected to
size-exclusion chromatography (Superdex 200 10/300 GL column).
Nectin-2v was eluted as a single peak at an elution volume of 12 ml,
corresponding to a globular protein with an estimated molecular
mass ∼30 kDa. However, the FAMP mutant was eluted at a volume
of 14 ml, corresponding to a much smaller molecular mass ∼13
kDa (Fig. 4A). Subsequently, we further analyzed the status of the
two proteins by performing native PAGE (Fig. 4B); the results
demonstrated that nectin-2v and the FAMP mutant carried different
negative charges in the native PAGE gel. Both of the proteins
moved from the negative electrode to the positive, but the rate of
nectin-2v migration was much slower than that of the FAMP mu-
tant, indicating the distinct status of the two proteins.
Taken together, both the structural and biochemical results in-

dicate that destruction of the hydrophobic interface of nectin-2v
abolishes its dimerization. Moreover, the successful mutation
assays guided by the structure analyses revealed that the bacterially
produced nectin-2 protein, which was used to determine the
structure, has a naturally folded conformation.

FIGURE 2. The dimer formation of nectin-2v.

(A) Alignment of nectin-2 (green) with nectin-1

(purple) shows that the two molecules in these

dimers form perpendicular or even acute angles.

(B) Nectin-2v homodimer formation is similar to

nectin-1 but different from Necl-1 and Necl-3.

When superimposing molecule 1 of these four

structures, molecule 2 of nectin-2 (green) is lo-

cated in the same position as molecule 2 of

nectin-1 (purple), but molecule 2 of Necl-1

(blue) and Necl-3 (yellow) occupies a different

position. (C) Large hydrophobic interface of the

nectin-2v dimer. The vacuum electrostatic po-

tential surface based on Amber 99 charges of

molecule 1 of nectin-2v shows the hydrophobic

area of the dimer interface. Seven major hydro-

phobic residues whose side chains point to the

interface are represented by purple sticks. The

four residues in the yellow ellipses were mutated

to generate the monomeric mutant of nectin-2v

(FAMP mutant). (D) Hydrogen bond network

between molecule 1 (green) and molecule 2

(orange) of the nectin-2v dimer.
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Soluble nectin-2v, but not the monomer mutant, binds to cell
surface-expressed DNAM-1

To test the physiological activity of our recombinant nectin-2v, we
prepared a tetramer of nectin-2v using a biotin-streptavidin system to

assess the binding of nectin-2 to DNAM-1. Cultured 293T cells
were used to generate a cell line transiently expressing DNAM-1.
First, to test the expression status of nectin-2 and its receptor
(DNAM-1) on the surface of the 293T cells, we stained the untrans-
fected cells with anti–nectin-2 and anti–DNAM-1 mAbs (Fig. 5A).
Flow cytometry analysis revealed that 293T cells express nectin-2,
but not DNAM-1, on the cell surface, as previously reported (15).
Nectin-2v tetramers were also used to stain the 293T cells. As ex-
pected, no binding of nectin-2v to the 293T cells was observed
(Fig. 5A). These results indicate that 293T cells can act as a model
to study the interaction of nectin-2 and its receptor DNAM-1.
Subsequently, 293T cells were transfected with pDNAM-1

plasmid harboring full-length DNAM-1, and the expression of
DNAM-1 on the transfected cells was verified with flow cytometry
using the anti–DNAM-1 mAb (Fig. 5B), as well as Western blot-
ting (data not shown). The cells were then used to analyze the
binding of nectin-2 to DNAM-1. Notably, tetramers of nectin-2v
bound to the surface of the DNAM-1–transfected cells (Fig. 5B).
Thus, we concluded that recombinant, soluble nectin-2v has the
potential to perform an in vivo biological function, indicating a
natural three-dimensional structural conformation of this protein.
To further elucidate the binding profile of nectin-2v with

DNAM-1, we also prepared tetramers of the monomeric FAMP
mutant of nectin-2v. DNAM-1–expressing 293T cells were then
stained with the tetramers of the FAMP mutant in comparison
with the tetramers of WT nectin-2v (Fig. 5B). The results of flow
cytometry demonstrated that, although the nectin-2v tetramer
binds to the DNAM-1–expressing cells (25% positive cells with
high fluorescence), tetramers of the FAMP mutant cannot stain the
cells (no positive cells with high fluorescence). We also performed
in situ staining of the DNAM-1–expressing 293T cells using
biotinylated nectin-2v and its FAMP mutant (Fig. 5C); the in situ
coloring of the stained cells was developed via HRP. In contrast to
efficient staining of the DNAM-1–expressing cells by nectin-2v,
the cells could not be stained by FAMP mutant. The disruption of
the dimerization interface of nectin-2 leads to a dramatic loss of
the binding of nectin-2 to DNAM-1, indicating that this unusual
hydrophobic interface between the two molecules within the
nectin-2 homodimer plays a role (direct or indirect) in the inter-
action with DNAM-1.

Binding-kinetics analysis of DNAM-1 to nectin-2v and FAMP
mutant measured by BIAcore

Binding affinity of DNAM-1 to nectin-2v was performed using SPR
technology. When DNAM-1 was injected over WT nectin-2v at
25˚C, a fast binding kinetics was observed (Kon and Koff are too
fast and are beyond the BIAcore detection sensitivity) (Fig. 6A).

FIGURE 3. Structural comparison of monomer mutant (FAMP mutant)

with WT nectin-2v. (A) Structural alignment of the FAMP mutant (cyan)

with molecule 1 (green) of the nectin-2v dimer. The four residues (Met89,

Pro94, Ala143, and Phe145) in the hydrophobic interface of the nectin-2v

dimer and the corresponding substituted serines in the FAMP mutant are

represented by purple and red sticks, respectively, in the boxes. The con-

formational shift of the loops on the edge of the dimer interface of nectin-2v

is observed when comparing the two structures. These loops in the FAMP

monomer shift away (as the orientation of black arrows) from the direction

of the dimer interface compared with molecule 1 in the nectin-2v cis-di-

mer. (B) The electron density at the 1s contour level clearly shows that

residues Met89, Pro94, Ala143, and Phe145 in nectin-2v (purple residues, left

panels) were mutated to four serines in the FAMP mutant (red residues,

right panel). (C and D), Deconstruction of the hydrophobic interface of

nectin-2v cis-dimer. After mutation of the four hydrophobic residues in the

dimer interface, the corresponding vacuum electrostatic potential surface

within the area of the four residues (yellow circles) obviously changed. (C)

WT nectin-2v. (D) FAMP mutant.

FIGURE 4. Biochemical confirmation of

nectin-2v mutant (FAMP mutant) as a mono-

mer. (A) Size-exclusion chromatographs of

nectin-2v (cyan) and the FAMP mutant (purple)

on a Superdex 200 column. Compared with the

early elution of WT nectin-2v at 12 ml, the

peak of the FAMP mutant is at 14 ml, with the

expected molecular mass ∼30 kDa (nectin-2v)

and 13 kDa (FAMP mutant). The approximate

positions of the molecular mass standards of

67.0, 43.0, and 13.7 kDa are marked. (B)

Analysis of the conformational status of nectin-

2v and FAMP by native PAGE. The results in

(A) and (B) are representative of three inde-

pendent experiments.
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The KD value was calculated as 8.97 mM, using a least-squares fit
for the data, assuming a 1:1 interaction in the steady-state affinity

model (Fig. 7), which was confirmed by a Scatchard plot (Fig.

6B). To compare the binding capacity of WT nectin-2v and the

FAMP mutant to DNAM-1, DNAM-1 (200 mM) was injected over

WT nectin-2v and the FAMP mutant at the same time. The results

show that WT nectin-2v binds to DNAM-1 well, but the FAMP

mutant loses its binding capacity to DNAM-1 (Fig. 6C).

Discussion
In this study, a series of biochemical, crystallographic, and cell
biological analyses characterized the homodimer formation and the
binding of nectin-2 to its immune costimulatory receptor DNAM-1.
A perpendicular homodimer structure of nectin-2 V-set was solved.
Furthermore, the pivotal role for the hydrophobic interface, in-
cluding the key residues, was verified in the dimerization of
nectin-2. The disruption of the hydrophobic interface also abol-

FIGURE 5. Soluble nectin-2v, but not its monomer

mutant (FAMP mutant), binds to cell-expressed

DNAM-1. (A) Cultured 293T cells stained with anti–

DNAM-1, anti–nectin-2 Abs, and tetramers of nectin-

2v (blue lines). The cyan lines denote the control cells

without any staining. Nectin-2, but not DNAM-1, ex-

pression is clearly shown on the 293T cell surface. (B)

Left panel, DNAM-1–transfected 293T cells could

clearly be stained by anti–DNAM-1 Ab (red line). Blue

line represents the control cells stained with anti–

DNAM-1 after the transfection of empty vectors.

DNAM-1–transfected 293T cells are stained with

nectin-2v (middle panel) or FAMP (right panel) tet-

ramers (red lines). The control cells, which were

transfected with empty vector pcDNA3.0, were stained

with these tetramers as negative controls (blue lines).

(C) In situ staining of DNAM-1–transfected 293T cells

with biotinylated nectin-2v or FAMP (2 mg/ml final

concentration). Original magnification 3400. HRP-

labeled streptavidin and HRP-DAB substrate reagents

were used to stain the cells. Cells transfected with

pcDNA3.0 were stained by biotinylated nectin-2v as

negative controls. The results shown are representative

of three independent experiments.

FIGURE 6. BIAcore SPR analysis of

DNAM-1 binding to nectin-2v and its

FAMP monomer mutant. (A) The kinetic

profile of DNAM-1 binding to nectin-2v

is shown. A series of concentrations of

DNAM-1 (ranging from 1.56 to 50 mM)

was used to measure the binding kinetics,

with nectin-2v immobilized on the CM5

chip. (B) Response units were plotted

against protein concentration calculated

from the BCA Kit. KD was calculated as

8.97 mM using a least-squares fit to the

data, assuming a 1:1 interaction, which was

confirmed by a Scatchard plot. (C) A total

of 200 mM DNAM-1 was injected through

flow cells, with nectin-2v and the FAMP

mutant immobilized on the same CM5

chip. Clearly, WT nectin-2v can bind to

DNAM-1 well, but the FAMP mutant loses

its binding capacity.
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ishes the binding of nectin-2 to DNAM-1. Thus, these results may
be helpful for the interpretation of the properties of homodime-
rization of nectin-2 and the interactive mode of nectin-2 with
DNAM-1.
Nectin and Necls are believed to function in both homophilic and

heterophilic dimers, as well as cis- and trans-dimers, in a variety of
cells, including epithelium, immune cells, and neurologic system
cells (24, 27–29). In addition, they interact with a broad spectrum
of ligands/counterreceptors to execute their functions (14–16, 24,
56, 57). More importantly, they can also be used as receptors for
virus entry (31, 58–60). However, with these diverse functions, it
is less well understood how the same molecule functions in dif-
ferent cells, especially with regard to the ability of the same
molecule to bind different ligand/counterreceptors. Structural in-
formation about nectin and Necls is very limited. Only three
homodimers (three Ig domains of nectin-1, one Ig domain of Necl-1
and Necl-3) and one monomer (two Ig domains of Necl-5) of
nine members of this family have been described but with dif-
ferent conclusions (36, 38, 54, 55). The structure of nectin-1 is
regarded as a cis-dimer, but Necl-1 is considered a trans-dimer
(36, 38, 54). There is no structural report of any heterodimers for
these family members. Therefore, the true scenario of the struc-
tural basis for the diverse binding properties of nectins/Necls
remains a big issue. Recently, our group (61) and Di Giovine
et al. (62) independently discovered that human HSV-1 glyco-
protein D (gD) unexpectedly precluded the nectin-1 dimer from
entering host cells (i.e., the binding interface of nectin-1 to gD
is almost the same as the nectin-1 dimer interface), revealing
the monomeric nectin-1 binding mode to gD, rather than the sus-
pected nectin-1 dimeric binding.

The structure of nectin-2v clearly displays a tight homodimer
formed through a large hydrophobic interface. The recently de-
termined structure of another nectin family member, nectin-1,
confirms the cis-homodimer binding, mainly through a network
of hydrogen bonds (54). Via analysis of the nectin-1 dimer, Narita
et al. (54) proposed that the trans-interaction of nectins may de-
pend on the upper side of the nectin cis-dimer. However, in our
study, tetramers of recombinant nectin-2v did not bind to 293T
cells, which express nectin-2 on their surface (Fig. 5A). One in-
terpretation of this phenomenon is that soluble recombinant
nectin-2v exists as a cis-dimer in solution. The nonbinding of this
cis-dimer to cell surface-expressed nectin-2 indicates that trans-
interaction of nectin-2 expressed on different cell surfaces may
also use a similar hydrophobic interface as in the cis-dimer. This
implies that both cis- and trans-interaction of nectin-2 may occur
via a similar manner through the dimerization of the first Ig-like
V-set domain (Fig. 7A, 7B). In contrast, on the surface of the same
cell, nectin-2 would have two statuses, monomer and cis-dimer,
that exist in equilibrium. The monomers can trans-bind to each
other through their first V-set domain. This mode of trans-inter-
action of nectin-2 can also be applied to the heterointeraction of
different nectins. There is also a possibility that nectin-2 on dif-
ferent cells behaves differently (i.e., as either a monomer or cis-
dimer). All of these questions remain to be answered. In addition
to the contribution of V-set domain in the dimer formation, pre-
vious cell biological studies indicated that the C-set domains of
nectin or nectin-like molecules are involved in cis-interaction
(Fig. 7A) (33–35). Related studies from different groups indepen-
dently demonstrated that the C-set domains of nectin-2 and Necl-2
(SynCAM1) on the surface of the cells are responsible for the
lateral clustering of the cis-interaction, which could complement
or even promote the trans-interaction of these molecules (33, 35).
Nectin-2v, produced through the prokaryotic expression system

in our study, has no posttranslational modified residues. How-
ever, it was demonstrated that the posttranslational modification
of adhesion molecules can modulate their homophilic adhesion
and other functions (36). The KD value of nectin-2 binding to
DNAM-1 determined in our study is slightly lower than the KD

value reported by Tahara-Hanaoka and colleagues (23). They pro-
duced the nectin-2 proteins through an eukaryotic expression sys-
tem featured with postmodifications of the protein. This may in-
dicate that postmodified residues of nectin-2 also contribute to the
nectin-2/DNAM-1 interaction. Fogel et al. (38) determined that N-
glycosylation within the V domains of Necls, also known as
SynCAMs, differentially affects Necl properties. The N-glycans
at Asn70/Asn104 of Necl-2 (SynCAM1) increase its homophilic
interactions, whereas N-glycosylation of Necl-3 (SynCAM2) at
Asn60 hinders the homodimer formation. It was determined that
Necl-2 V domain accommodates the glycosylation sites Asn70/
Asn104 flanking the homo-binding interface, which may favor
dimer formation by limiting the conformational space available to
the V domain. In contrast, an N-glycan on residue Asn60 of Necl-3
was identified within the adhesive interface of its V domain, which
may interfere with homodimer formation. When we analyzed the
potential N-glycosylation sites within the V domain of nectin-2
through prediction (63), we found that Asn107 may be N-glyco-
sylated. Based on our structure of nectin-2v, Asn107 locates out of
the homodimer-binding interface and near the V/C-set domain
interface, which indicates that N-glycosylation may augment
homodimer formation of nectin-2.
In our study, the abolition of nectin-2 binding to DNAM-1, by

altering the dimer-binding interface of nectin-2, indicates two
possibilities of the binding mode between nectin-2 and DNAM-1
(Fig. 7C, 7D): the binding of DNAM-1 to nectin-2, like HSV-1 gD

FIGURE 7. Proposed model of nectin-2 dimer formation and the

binding to DNAM-1. (A and B) Two dimer models based on the structure

of nectin-2v determined in our study. Cell surface (blue double mem-

brane)-expressed nectin-2 forms trans-dimer (A) and/or cis-dimer (B)

through the interaction of V domains. The C1 and C2 domains (purple and

yellow circles) may contribute to cis-dimer formation (33, 35). (C and D)

Two possible binding models of nectin-2 with DNAM-1. (C) DNAM-1

(green ellipses) expressed on cell surfaces (red double membrane) binds to

nectin-2 through the same interface as in the nectin-2v dimer. (D) DNAM-1

interacts with the cis-dimer of nectin-2.
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binding to nectin-1, also occupies the dimer interface, disrupting
dimer formation or cis-dimerization of nectin-2 is necessary for its
interaction with the DNAM-1 receptor. Our current work cannot
rule out either of these two models, and future work should focus
on this. However, Tahara-Hanaoka et al. (23) found that DNAM-1
binding to nectin-2–transfected cells was augmented substantially
when the cells are pretreated with the anti–nectin-2 mAb (R2.477.1),
which recognizes an epitope at one of the C set Ig-like domains of
nectin-2 and blocks homophilic binding (64, 65). This suggested
that DNAM-1 binding to nectin-2 on the cell surface may compete
for the nectin-2 homophilic binding site, which supports the first
mode that we proposed (Fig. 7C).
Elucidation of the molecular mechanism of the homodimer

formation of nectin-2 and its interaction with immune costimulator
receptor DNAM-1 will help us to understand cell–cell adhesions
and several other immune processes, such as the cytotoxicity of
NK and CTL cells toward tumor cells (18, 19), the interaction
between NK cells and DCs, the elimination of stimulated T cells
by NK cells (66), monocyte extravasation through the endothe-
lium (21), and the interaction of eosinophils with mast cells (22).
Our findings increase the general understanding of DNAM-1 and
its ligands in immune recognition and activity, as well as pave the
way for immune diagnosis and therapy of tumors or autoimmune
diseases through DNAM-1 and nectin-2/Necl5–dependent inter-
vention.
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