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By analogy with its human nectinl counterpart, murine nectinl serves as a cellular receptor for the entry of
herpes simplex virus (HSV) into murine cells. HSV entry mediated by either receptor is dependent on the viral
glycoprotein D (gD). Whereas human nectinl binds gD at high affinity and in a saturable manner, murine
nectinl binds gD in a barely detectable fashion, depending on the sensitivity of the assay. The immunoglobulin
type V domain of murine nectin differs from its human counterpart in 11 amino acids. To identify the key
residues responsible for the high-affinity binding of gD to human nectinl, we replaced each of the 11 divergent
amino acids with the human counterparts singly or in groups in an incremental manner. Replacement in
murine nectinl of six amino acids that lie within the gD binding region of human nectinl (previously mapped
to residues 64 to 94, likely the CC’C” surface) increased the gD binding activity to a limited extent. In contrast,
the single P138L substitution, which lies distal from the gD binding site, markedly increased gD binding. This
substitution, when coupled with downstream substitutions, exerted the greatest effect. Three-dimensional
modeling of the nectinl V domain suggested that P138 in murine nectinl might decrease the stability of the V
domain by reducing the size of B-strand G. The results support the notion that the overall structure of V

nectinl plays a pivotal role in its ability to bind HSV gD.

Herpes simplex virus (HSV) enters cells by first attaching to
cell surface heparan sulfate proteoglycans via the virion glyco-
proteins glycoprotein B (gB) and gC, after which gD interacts
with one of the entry receptors (for reviews, see references 6
and 39). These receptors, which belong to three distinct mo-
lecular families, are the nectinsl, which are members of the
nectin family belonging to the immunoglobulin G (IgG) super-
family (10, 13, 20); HveA (herpesvirus entry mediator A), a
member of the tumor necrosis factor receptor family (30); and
modified heparan sulfate (38). Nectins1 are broadly expressed
in a vast variety of human cells in culture and in human tissues,
including tissues targeted by HSV in the course of human
infection (10, 13). Nectins also mediate the cell-to-cell spread
of HSV (9, 33). Three isoforms of human nectinl are known
(a, B, and vy), of which two contain transmembrane domains
while the third is secreted (10, 13, 20, 21). All share the N
terminus (the ectodomain in the transmembrane isoforms)
constituted by three Ig domains, one of which is V-like and
located N-terminally (V) and two of which are C2 type. V
carries the region functional in HSV entry and in binding to gD
(8, 18). Typically, V-like domains are composed of two
B-sheets made of parallel and antiparallel B-strands (named A
to G) and two additional C'C” B-strands. Much of the current
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focus in elucidating the molecular events which lead to HSV
penetration into the cell centers on the identification of key
residues involved in the interaction between nectinl and gD.
Recently, we constructed a panel of chimeric receptors where
progressively smaller portions of human nectinl were trans-
ferred to the corresponding regions of poliovirus receptor
(PVR), a member of the nectin family homologous to nectinl
that is nonfunctional in HSV entry (7). The site on human
nectinl where the HSV entry site and gD binding activities
reside was located to the amino acid region spanning residues
64 to 94 (likely to encode the CC'C" B-strands and intervening
loops); within it lies the minimal entry site (residues 77 to 94).
Competition binding between gD and a panel of antibodies to
human nectinl also pointed to this region as the gD binding
site (17). The homologous region in human nectin2 carries part
of the rid1/2 HSV entry site (23).

While humans are the natural hosts of HSV, the virus dis-
plays a broad animal host range, and mammalian cells may
become infected through animal homologs of the nectin family
(28). In particular, the mouse is the small animal model of
choice in a variety of experiments, and there has been an
interest in determining the molecular basis of its interaction
with HSV. The V of the murine nectinl shares with its human
counterpart a 94% identity at the amino acid level (26, 37).
Despite the high level of conservation, human and murine
nectinl differ with respect to their binding properties to virions
and gD. Thus, the binding of the human isoform is readily
detectable and saturable in a number of assays that included
binding of soluble forms of receptor and soluble gD in enzyme-
linked immunosorbent assays (ELISA), cell ELISA binding of
receptor-expressing cells to soluble gD, binding of soluble nec-
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tinl to virions, and gD pulldown by soluble nectinl. In the
same assays, the binding of murine nectin was either weak and
not saturable or below the limits of detection (25, 26). Studies
from another laboratory reported the binding of murine nec-
tinl to gD (37). The allele examined in that instance (FVB/N)
differed from the C3H allele cloned in our laboratory by three
amino acids, of which one is P138 in the C3H allele and L138
in the FVB/N allele. Mutagenizing FVB/N to the C3H allele
had no effect on gD binding activity (37). Inasmuch as differ-
ences between human and murine nectinl were not investi-
gated in the latter report and the gD binding experiment was
carried out at high receptor concentrations (5 wM), the results
are not readily compared with ours and the reasons for the
discrepancy are unclear at the moment.

Notwithstanding the differences in gD binding activity be-
tween murine and human nectinl, the pathway of entry into
the cell is gD dependent with either receptor, implying that a
high-affinity interaction with gD is not required in order for
nectinl to act as an entry receptor (25). This notion is sup-
ported by the finding that HSV, pseudorabies virus (PrV), and
bovine herpesvirus 1 utilize a gD-dependent pathway of entry,
yet the affinities of their respective gDs to human nectinl differ
by at least three logs of magnitude (11).

The objective of the study reported here was to identify
residues on human nectinl responsible for high-affinity binding
to gD. The 11 divergent residues in murine V were replaced
singly or in various combinations with the corresponding
amino acids of human nectinl with a gain-of-function ap-
proach, i.e., the acquisition of high-affinity gD binding. We also
finely mapped the residues on human nectinl responsible for
reactivity to monoclonal antibody (MAb) R1.302, which is spe-
cific for the human isoform. Inasmuch as this antibody blocks
HSV infection, it represents a powerful tool for the elucidation
of the role of nectinl in the infection of human cells, and its
epitope, located in the V domain, must overlap at least in part
with the HSV entry site on human nectinl (8).

MATERIALS AND METHODS

Cells and viruses. Mammalian cells were grown in Dulbecco’s modified Ea-
gle’s medium supplemented with 5% fetal calf serum. The J1.1-2 cell line (J
cells), a derivative of BHKtk ™ cells with high resistance to HSV infection, was
described previously (10). The HSV type 1 (HSV-1) recombinant R8102 was
constructed by N. Markowitz and B. Roizman (University of Chicago, Chicago,
TlL.) by inserting a cassette containing a lacZ gene under the control of the a27
promoter (325-bp BamHI-Hinfl fragment from the left end of the HSV-1 BamHI
B fragment) at the U 3-U; 4 boundary. The virus was derived by homologous
recombination in the 3975 recombinant, which carries the thymidine kinase gene
inserted at the BamHI site between U3 and U4 (2). The PrV recombinant
carrying LacZ in place of gH was described previously (1). Virus infectivity was
detected as B-galactosidase (B-Gal) activity by light microscopy observation of
B-Gal-expressing cells or by reading the optical density at 405 nm after the
addition of ONPG (o-nitrophenyl-B-p-galactopyranoside) (10, 30). Sf9 insect
cells were cultured in TNM-FH medium (Pharmingen). SF900 II serum-free
medium (Life Technologies) was used for heterologous protein expression fol-
lowing recombinant baculovirus infection.

Production of gD(A290-299t). A truncated soluble form of HSV-1 gD, with the
same amino acid sequence as gD(A290-299t) (31), was engineered by mutagen-
esis and produced by means of a baculovirus-based expression system. The gD
sequence was PCR amplified with the primers sgDbacB5/2 (CCG CAG CAA
GGA TCC CTT GGT GGA TGC CTC) and gD290Bg (GGG AGA TCT TAA
GGC GTC GCG GCG TCC TGA GGG AAT ATC TTT CCT TGC GGC GCC
ACC GTC CCC) by using HSV-1(F) purified DNA as a template and cloned in
the BamHI and Bg/11 sites of the baculovirus transfer vector pAcGP67A (Pharm-
ingen), yielding psgDA. Sf9 insect cells were cotransfected with psgDA and
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BaculoGold linearized DNA (Pharmingen) according to manufacturer’s instruc-
tions to obtain a recombinant baculovirus expressing soluble gD(A290-299t)
under the control of the polyhedrin promoter. Sf9 insect cells seeded in T175
flasks were infected at a multiplicity of infection of 4 PFU/cell and grown in
serum-free SF900 II medium (Life Technologies). The supernatant was har-
vested at 4 days postinfection, and soluble gD was purified by affinity chroma-
tography on a column of MAb30 (5) conjugated to CNBr-Sepharose. Fractions
were eluted with 3 M KSCN-10 mM Tris-HCI (pH 7.5)-0.5 M NaCl, dialyzed
against phosphate-buffered saline (PBS), and concentrated by using YM3 ultra-
filtration membranes with an Amicon ultrafiltration device (Millipore).

Optical biosensor analysis. Biosensor experiments were performed on an
TAsys optical biosensor (Affinity Sensors, Cambridge, United Kingdom) at 25°C.
The soluble recombinant forms of murine and human nectinl fused with human
IgG Fc, designated murine nectinl-Fc and human nectinl-Fc, were anchored in
two different experiments to the dextran matrix of an IAsys cuvette. The carboxyl
groups of the dextran matrix were converted to active N-hydroxysuccinimide
esters. Subsequently, the covalent bond between the amine moiety of the protein
and the activated matrix was obtained by adding the receptors to 10 mM acetate
buffer solution (pH 5.1). The coupling reaction was performed in parallel on the
reference cell of the dual-well cuvette without the addition of the soluble recep-
tor. The gD(A290-299t) binding experiments were carried out with PBS as a
running buffer and were done in parallel in both the sample and reference cells
to monitor nonspecific binding to the dextran matrix and the changes of refrac-
tive index upon gD(A290-299t) addition. The association of gD(A290-299t) to
the cuvette-immobilized receptor was monitored for 5 min. An anti-human Fc
antibody (Dako Laboratories) was used as a positive control for binding to the
cell-coupled murine or human nectinl-Fc. The data were collected every 0.3 s
and were analyzed by using a global fitting routine with Fast Plot version 3.1.0.17
(Affinity Sensors) and Graph Fit version 5.0.0.36 (Erithacus Software Ltd.)
software. The sensorgrams were corrected by subtracting the contribution to the
observed signal that arose from nonspecific binding.

Mutagenesis. Mutagenesis of murine nectinl was performed with the follow-
ing primers designed on the murine nectinl coding sequence: mut_70-71_BamHI
(GGT CAC ATG GCA GAA GTC CAC CAATGG ATC CAA GCA GAA C),
mut_78-84_Ncol (CCA AAC AGA ACG TGG CCA TCT ACA ACC CGT CCA
TGG GTG TGT CC), mut_91-95_Nhel (GTG TGT CCG TGC TAG CTC CCT
ACC GCG AGC GAG TGG AGT TCC TG), mut_105-113_Asp718 (CCT CCT
TCA CCG ACG GTA CCA TTC GCC TCT CCC GCC TGG AGC TGG),
mut_121_Ndel (GGA GGA CGA GGG CGT CTA CAT ATG TGA ATT TGC
C), and mut_138_Pvull (GCA ACC GTG AAA GCC AGC TGA ATC TCA
CTG TGA TGG). The cDNA of the C3H allelic form of murine nectinl cloned
in the pcDNA3.1(—) vector (Invitrogen) was employed throughout the study
(26). The primer L138P_Nrul (CGG GCA ATC GCG AAA GCC AGC CCA
ATC TCA CGG) was designed on the human nectinl coding sequence in order
to introduce the L138P substitution and was used on human nectinla cDNA
cloned in pcDNA3.1(—). For easiness of screening, all the primers were designed
with silent mutations that yielded the recognition sequence for the indicated
restriction endonucleases. Mutagenesis was performed with T4 DNA polymerase
and T4 DNA ligase followed by digestion of the methylated parental DNA with
Dpnl and transformation in Escherichia coli mutS strain BMH71-18 (Promega).
The mutagenized constructs identified by restriction nuclease pattern were re-
transformed in E. coli DH5a to avoid rearrangements or random mutations, and
V was sequenced for accuracy.

Expression of mutant receptors. Expression of mutant receptors at the plasma
membrane and proper folding of mutant molecules were determined by two
assays, reactivity to appropriate antibodies and an infectivity assay. The J cells
(10) were transfected with plasmids carrying mutant receptors by using Lipo-
fectamine reagent (Life Technologies) and used 30 h later. Alternatively, cell
lines stably expressing the mutant receptors were derived by neomycin G418
selection (1.6 mg of active compound/ml) of transfected J cells for 14 days. For
cell surface determination of mutant receptors, stable cell lines were stained with
anti-murine nectinl rat MAb 48-14 (undiluted hybridoma supernatant) followed
by fluorescein isothiocyanate (FITC)-conjugated rabbit anti-rat IgG (Sigma) at
1:300 or with MAb CK35 directed to human nectinl (ascites, 1:100) followed by
FITC-conjugated goat anti-mouse antibody (Jackson Immunoresearch Labora-
tories) at 1:100; the cell lines were then read in a Beckman Coulter FACScan
flow cytometer. All MAb dilutions were done in PBS containing 5% fetal bovine
serum. For infectivity determinations, transient expressing cells were infected
with R8102 or PrV (10 PFU/cell). After 16 h, virus infectivity was detected as
B-Gal activity after staining with 5-bromo-4-chloro-3-indolyl-B-p-galactopyrano-
side (X-Gal) (10, 30).

FACS and fluorescence. For fluorescence-activated cell sorter (FACS) analysis
of gD binding and immunoreactivity to MAb R1.302, stable cell lines expressing
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FIG. 1. Real-time analysis of the gD(A290-299t) binding to the receptors. (A) Overlaid sensorgrams showing the interaction of decreasing
concentrations of gD(A290-299t) with human nectin1-Fc; (B) overlaid sensorgrams showing the interaction of gD(A290-299t) (dotted line) and the
control anti-human Fc antibody (solid line) with murine nectinl-Fc. The graphs represent data from which nonspecific binding was subtracted.

the mutant receptors were fixed with 4% paraformaldehyde in PBS for 10 min,
permeabilized with 0.1% Triton X-100 in PBS for 10 min, and incubated with 1
pg of affinity-purified recombinant gD(A290-299t)/ml or 10 wg of affinity-purified
MAb R1.302 IgGs/ml (10, 22). gD binding was revealed by means of MAb H170
(Goodwin Cancer Research Institute, Plantation, Fla.) (1:1,000) followed by a
1:100-diluted FITC-conjugated goat anti-mouse antibody (Jackson Immunore-
search Laboratories). All steps were done in 5% fetal calf serum in PBS for 1 h
at 4°C. Cells were subsequently analyzed in a FACScan (Becton-Dickinson) flow
cytometer. In each experiment, a gate set on cells transfected with the
pcDNA3.1(—) empty vector defined the negative cells and was kept constant for
all subsequent samples. The gate containing the positive cells was also set at the
beginning of each experiment and kept constant throughout the assays. For each
construct, a negative control was run each time, consisting of cells reacted with
MAD H170 and secondary antibody but lacking gD or cells reacted with second-
ary antibody but lacking MAb R1.302. For all cultures, the mean fluorescence
ranged from 10" to 10 fluorescence 1 height (FL1-H). The results were ex-
pressed as the percentage of positive cells relative to the total number of scored
cells (10%).

Cell ELISA. Stable cell lines expressing the mutant receptors grown in 96-well
trays were washed twice with PBS and fixed with 4% paraformaldehyde in PBS
supplemented with 1% H,O, for 10 min at room temperature. Unspecific bind-
ing was blocked by incubation with 5% fetal calf serum in PBS for 1 h at 4°C. The
cells were reacted with increasing concentrations of affinity-purified recombinant
gD(A290-299t) that was biotinylated as described previously (10). Biotinylated
fetuin was included as a control. The binding of biotinylated proteins was re-
vealed by adding ExtrAvidin peroxidase (Sigma) at 1:1,000 in 5% fetal calf serum
in PBS followed by o-phenylenediamine as a substrate and monitoring the optical
density at 490 nm.

Molecular modeling. For global sequence alignment, we chose as a model
sequence the myelin membrane adhesion molecule PO (Protein Database [PDB]
identification code 1INEU) for two reasons. First, among the molecules whose
three-dimensional (3D) structure has been resolved at high resolution (3 A), PO
is the molecule with the highest sequence homology to the target sequence (36).
Second, the 3D structure of PVR bound to poliovirus present in the PDB is
known only at 22 A (backbone level), and furthermore, PVR structure itself was
modeled on the PO structure (3). Modeling was performed essentially according
to the following protocol: (i) sequence alignment of the target sequence with the
database in order to find the template, (ii) selection of the template with the
highest sequence homology to the target, (iii) alignment of the target and the
template with LALIGN with the similarity matrix BLOSUM 62 without end gap
penalty  (http://www.ch.embnet.org/software/LALIGN_form.html [27]) and
CLUSTAL W (1.81) with the similarity matrix BLOSUM (http://www2.ebi.ac.uk/
clustalw [40]), (iv) building of the 3D structure with MODELLER (34), and (v)
evaluation of the goodness of the model with PROCHECK. The secondary
structure and the bonding state of the cysteine residues were predicted with
SECPRED (http://www.biocomp.unibo.it [15]) and CYSPRED (http://www
.biocomp.unibo.it [12]), respectively. The solvent exposure of residues was eval-
uated with the DSSP program (16). In the comparative model building, for a
given alignment, 10 model structures were built and evaluated with the PRO-
CHECK suite of programs (19). Only the best model evaluated was retained
after the analysis. RASMOL (35) was used for visualization. Hydrogen bonds

were estimated with HBPLUS (24). Salt bridges were computed with the WHAT
IF program (http://www.cmbi.kun.nl).

RESULTS

Affinity of murine and human nectinl to gD. Optical bio-
sensor technology, which measures real-time interaction, was
used to quantify the differences in gD binding affinity between
murine and human nectinl receptors. Soluble recombinant
forms of murine nectinl and human nectinl fused to human
IgG Fec, designated murine nectinl-Fc and human nectinl-Fc,
respectively, were immobilized to IAsys dual-well carboxy-
methyl dextran matrix cuvettes. gD(A290-299t) was added onto
the chips at concentrations ranging from 0.025 to 1.4 pM.
gD(A290-299t) had a 2.4 X 1077 M equilibrium dissociation
constant (K,) for its binding to human nectinl-Fc. Under the
same conditions, and even at 10-fold higher ligate concentra-
tions, murine nectinl-Fc did not show any significant binding
to gD(A290-299t) above the level observed in the reference
channel devoid of murine nectinl-Fc. This behavior prevented
the determination of K,. The quality control of the immobi-
lized murine nectinl-Fc was performed by the use of anti-
human Fc antibody (Dako Laboratories), which displayed a
very strong binding. In Fig. 1A, the overlaid sensorgrams show
the response plotted as a function of time for gD(A290-299t)
added at different concentrations (0.17 to 1.4 wM) to the hu-
man nectinl-Fc-based cuvette. The response obtained by add-
ing a 15 pM gD(A290-299t) solution on murine nectinl-Fc is
reported in Fig. 1B together with the sensorgram obtained by
binding the control anti-human Fc antibody (8.6 wM). These
results are in accordance with those of previous reports in
which gD binding was either undetectable or barely detectable,
depending on the sensitivity of the assay (25, 26). The K, of
human nectinl-Fc binding to gD is consistent with determina-
tions obtained at another laboratory with a somewhat different
construct, i.e., a truncated histidine-tagged human nectinl
(41). A detailed description of the binding properties of human
nectinl-Fc, with gD(A290-299t) and gD305t as the ligates, is
forthcoming (S. Cimitan, L. Menotti, G. Campadelli-Fiume,
and C. Bertucci, unpublished data).

Mutagenesis design. Immunoglobulin domains are rigid
structures essentially made of two B-sheets and intervening
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loops. Their mutagenesis may present special problems, since
substitutions of residues located in B-strands can cause loss of
function, not because the key residues that mediate the func-
tion under study have been modified, but because the structure
has been altered. To ensure that our results were not depen-
dent on inadvertent alteration of the V structure, we applied a
gain-of-function approach based on the exchange of murine
nectinl residues with the corresponding residues from human
nectinl, the acquisition of high-affinity binding to gD, and
MAD R1.302 reactivity. The experiment was designed to simul-
taneously substitute proximal amino acids. The 11 substitutions
were thus grouped into six sets, which included the residues 70
and 71; 78 and 84; 91, 94, and 95; 105 and 113; 121; and 138
(Fig. 2). In order to test the effect of multiple substitutions,
once a set of residues was exchanged, the mutant was em-
ployed as the template for a second round of mutagenesis to
yield a second-generation mutant. This incremental approach
was applied repeatedly. Figure 1 illustrates the residues which
differ between murine and human nectinl, the way in which
they were grouped into sets for mutagenesis, and the spectrum
of mutants which were generated. The assigned numbers indi-
cate the coordinates of the exchanged residues. The initial
murine nectinl cDNA and, consequently, all mutants were
cloned in the pcDNA3.1(—) vector for expression in mamma-
lian cells.

gD binding activity of mutant receptors. J cells, which are
negative for expression of HSV receptors and resistant to HSV
entry, were transfected with the mutant plasmids and used in

transient expression assays or following selection with neomy-
cin G418 (stable transformants). Preliminarily, we ascertained
that all mutant receptors were expressed, appropriately folded,
and transported to the plasma membrane in comparable
amounts by two approaches. In the first, we measured the cell
surface expression of the mutant receptors in the transfor-
mants by immunoreactivity to the rat MAb 48-14 directed to
murine nectinl and, for the human nectinl, by immunoreac-
tivity to CK35, a monoclonal antibody directed to the first
C2-type domain of human nectinl (17, 29). The FACS analysis
(Fig. 3A) shown for the most representative constructs re-
vealed no major defect in cell surface expression. Specifically,
the 138 and the 70-to-95-plus-138 mutants, which show the
highest difference in gD binding activity relative to that of the
parental murine nectinl (Fig. 4), show levels of cell surface
expression comparable to that of murine nectinl. Similarly,
cells expressing the human nectinl or the L138P mutant
thereof show similar levels of cell surface expression as mea-
sured with CK35 MADb (Fig. 3A). The second approach was a
functional assay and measured the ability of cells expressing
the mutant receptors to be infected by HSV or PrV recombi-
nants that carry a LacZ reporter gene (1). Virus entry was
monitored as B-Gal activity. Cells expressing each mutant were
found to be infectible at comparable levels (results are shown
for PrV in Fig. 3B). Cumulatively, the two assays provided
evidence that the cells expressing the mutant receptors carried
appropriately folded molecules and that there was no major
defect in cell surface transport.



VoL. 76, 2002

A

200 murine 138
200 1
2
[
2 r
(8]
100 1 1
01 ) BES
100 101 102 103 104100 101 102 103 104 g
FL1-Height FL1-Height IS
70-95 70-95+138 <o
300 S
iS
101 102 103 13“1.00 102 103
FL1-Height FL1-Height
400 human hul 138P
300 =
g >
5 200 o
] O
P
100 4 w
[4;]
0 1-00 101 102 103 104100 101 102 103 104

FL1-Height

FL1-Height

o

Ny

2 7 I (A 7
515 / 21205 |# 7
%1 ggé‘ 7 ‘5
o AR AAA AV ARV
2os{ _ARANAAAY A7
s A AR A RIARL
8 TELr3ILSInIL8CS Y
? =z - L =
S 2
Q

mutant receptor expressing cell

PrV-LacZ PFU/cell 7130 W100

FIG. 3. Cell surface expression of the mutant receptors. (A) Stable
cell lines derived from G418 selection of transfected J cells expressing
the wild-type or mutant murine nectinl receptors were reacted with
the rat 48-14 hybridoma supernatant followed by anti-rat IgG conju-
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activity of wild-type and mutant receptors. Stable cell lines expressing
the indicated constructs were exposed to increasing amounts of PrV-
LacZ. After 16 h, B-Gal activity was measured with ONPG as a sub-
strate and absorbance was monitored at 405 nm.

The mutants were subsequently characterized with respect
to gD binding activity by measuring the ability of mutant nec-
tinl-expressing cells to bind soluble recombinant gD [gD(A290-
299t)] (31). This approach has the advantage that the receptor
is analyzed in its natural folding, degree of oligomerization,
and context, i.e., the cell. Binding was quantified by FACS
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analysis and by cell ELISA. Results of FACS analyses are
quantified in Fig. 4A and depicted in Fig. 4B. Under these
conditions, the binding of gD(A290-299t) to human nectinl-
expressing cells was readily detected, whereas the binding to
murine nectinl-expressing cells was undetectable. Substitu-
tions of the sets of residues 70 and 71, 78 and 84, 105 and 113,
and 121 increased the gD binding activity to a limited extent.
Various combinations of mutations, including the combination
by which all of the divergent residues between 70 and 95 were
exchanged, also increased gD binding to a limited extent. In
some cases, combinations of substitutions decreased, rather
than increased, the gD binding (compare the 78-to-84 and
78-t0-95 mutants). These results were surprising in light of
earlier studies which mapped the gD binding region on human
nectinl to the 64-to-94 region. The unexpected result was that
the single P138L substitution conferred high gD binding, to a
degree not reached by any of the single mutations or combi-
nations tested. This substitution, when combined with the up-
stream 70-to-95 substitutions, which by themselves exerted lim-
ited effect, completely restored the gD binding activity typical
of human nectinl. All cultures were also observed by fluores-



5468 MENOTTI ET AL.

gD(A290-2991) Fetuin

A 1B

=

00+

OD at490 nm (%)
5 8 8

N
o

A

- (i
0031 3 92883250 1000 0 03 1 3 9 28 83250

protein concentration (nM)

—&—human
—— murine
—0—hulL138P
—{1—138
—0—70-95
~—@—70-95+138

FIG. 5. Effects of the substitution of the amino acid in position 138
on the binding of gD(A290-299t) to murine and human nectinl recep-
tors. Stable cell lines expressing the indicated mutant receptors seeded
in 96-well trays were incubated with increasing concentrations of bio-
tinylated gD(A290-299t) (A) or biotinylated fetuin (B) as a control.
Binding was revealed by adding ExtrAvidin peroxidase followed by
o-phenylenediamine and monitoring the optical density (OD) at 490
nm. The subtracted blank consisted of stable cell lines transfected with
the pcDNA 3.1(—) vector.

cence microscopy, which confirmed the FACS results (data not
shown).

In the cell ELISA, nonpermeabilized cells were reacted with
increasing concentrations of biotinylated gD(A290-299t) or
with biotinylated fetuin as a control. The representative results
reported in Fig. 5 are in agreement with the FACS analyses
and show that the binding to human nectinl cells reached a
plateau at approximately 50 nM gD, whereas the binding to
murine nectinl-expressing cells was barely detectable at 1 uM
(Fig. 5). The P138L substitution in murine nectinl increased
the gD binding activity, and the effect was already evident at 10
nM gD. The gD binding was enhanced when both the 138 and
the upstream (70-t0-95) substitutions were present. The latter
substitutions alone exerted a limited effect.

In order to confirm the role of residue 138, we performed
the reverse mutation, i.e., we substituted L138 with P in human
nectinl. The binding to gD(A290-299t) showed a dramatic
reduction in both the FACS analysis (Fig. 4) and the cell
ELISA (Fig. 5).

MAD R1.302 epitope. Reactivity to MAb R1.302 was mea-
sured in order to define key residues responsible for the spe-
cific reactivity of the antibody to human nectinl. Binding to
cells expressing the mutant receptors was quantified by FACS
analysis. The results are summarized in Fig. 6A, which also
shows representative examples (Fig. 6B). In each case, the
results obtained by FACS analysis were confirmed by fluores-
cence microscopy (data not shown). The residues that con-
ferred MADb R1.302 reactivity on murine nectinl were 91 to 95.
Accordingly, mutants containing multiple substitutions that in-
cluded the 91-t0-95 region (e.g., 91-to-113 and 70-to-113) also
displayed antibody reactivity. Furthermore, P138L substitution
in the 70-to-95 mutant conferred the highest reactivity, render-
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FIG. 6. Reactivity of cells expressing the mutant receptors to MAb
R1.302. J cells expressing the indicated constructs were reacted with
MADb R1.302 followed by anti-mouse IgG conjugated with FITC. Flu-
orescence was subjected to FACS analysis. (A) Results are plotted as
the average of three independent experiments. Error bars represent
standard deviations. (B) Representative examples.

ing the mutant undistinguishable from human nectinl. Two
previous reports identified part of the MAb R1.302 epitope as
being located between residues 64 and 102, i.e., extending
downstream of the 64-t0-94 gD binding site, or between resi-
dues 70 and 104 (7, 17). Here we confirmed and extended
previous results and identified A91, R94, and E95 as critical
residues for reactivity of this human-nectinl-specific antibody.
Residue 138 appears to affect the molecule stability or overall
conformation and structure, as the highest interaction is ob-
served when L, not P, is present at this position (see Discus-
sion).

Predictions of structural modifications induced by L138P
substitution. To derive a 3D model of nectinl V, we applied a
procedure based on sequence comparison (building by homol-
ogy). This same procedure was applied in earlier studies in
order to generate the low-resolution structures of PVR bound
to poliovirus (3, 14). The template selected on the basis of
highest sequence homology was the myelin membrane adhe-
sion molecule PO (PDB code, INEU), whose crystal structure
has been determined for the extracellular domain at a 3-A
resolution (36) (Fig. 7). By contrast, the PVR structure has
been resolved only at 22 A, and its predicted model has also
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been built by homology with PO myelin (3, 14). Two models
were generated: one with L in position 138 (L-nectinl) and the
other carrying the P-for-L substitution (P-nectinl) (Fig. 7B and
C). The putative low-resolution model of V substantially re-
sembles the Ig-like B sandwich of the template structure. The
site interacting with gD comprises the CC'C” surface identified
by genetic studies (7), while L138 is located in B-strand G at
the opposite surface in the V model (Fig. 7B). The distance is
such that no major direct influence can be foreseen between
residue 138 and the CC'C” surface. The computer model pre-
dicts that the overall V structure is conserved when the single
point substitution (P for L) is considered. However, P lies
outside B-strand G, and thus, B-strand G becomes shorter (Fig.
7C). The L-nectinl and P-nectinl models contain 73 and 57 H
bonds, respectively (as evaluated with HBPLUS) (24). In ad-
dition, the solvent accessibility is lower for the L-nectinl than
for the P-nectinl model (71 versus 73 nm?). The number of salt
bridges does not differ between the two models, being three in
both cases. The evaluation of the general physicochemical
properties of the two models suggests that the P-for-L substi-
tution may have an overall destabilizing effect on the V struc-
ture, as indicated also by the increase in solvent accessibility.
The finding that P138L substitution increases the reactivity to
MAD R1.302, which is known to recognize a conformation-
dependent epitope (compare mutant 70-to-95 and mutant 70-
to-95-plus-138), provides genetic support for the computer
modeling conclusions that P at position 138 affects V confor-
mation and stability.

toC domain‘/

FIG. 7. Computer modeling of the V domain of nectinl. (A) CLUSTAL W alignment of V sequences of human nectinl (hNect1l) with V of
myelin membrane adhesion molecule PO (PDB code, INEU). PO is the template structure; B-strands as taken from the PDB file are shown in
boldface. The putative B-strands, as evaluated after building by homology of L nectin, are highlighted in boldface. X’s in the third line mark amino
acids 103 to 106, which are absent in the PO PBD file and could not be taken into account for human nectinl secondary-structure prediction. (B
and C) 3D models of the V domain of human nectin 1 with L138 (B) and P138 (C). The effect of the P-for-L substitution in B-strand G is visible.
The secondary structure was represented in cartoon form with RASMOL. B-strands are represented as large arrows.

DISCUSSION

In an earlier report, the site on human nectinl required to
mediate HSV-1 entry and exhibiting high-affinity binding to gD
was mapped to the 64-t0-94 region by exchanging amino acid
stretches between human nectinl and PVR (7). The region
likely includes the CC'C" B-strands and loops and was identi-
fied as the gD binding region in binding competition experi-
ments as well (17). The HSVrid1/2 entry site on human nectin2
also maps to this region (23). Eleven amino acids are divergent
between the V domains of murine and human nectinl. Six of
them reside in the 64-to-94 portion, and we expected that these
were the residues capable of conferring high-affinity binding to
gD. Surprisingly, substitutions in this group of amino acids
affected gD binding affinity to a low extent, whereas the single
P138L exchange had a great effect, which was detectable at low
gD concentrations. Transferring both the 138 and 70-to-95
human residues conferred on murine nectinl a gD binding
activity indistinguishable from that of human nectinl. The key
role played by residue 138 was further strengthened by the
reverse L138P substitution on human nectinl, which dramati-
cally decreased gD binding. Alignment of the sequences of
nectinl homologs from human and different animal species
shows that L at position 138 is highly conserved in all known
human isoforms and animal species (hamster, swine, cow, and
monkey), including those known to mediate HSV entry (10, 13,
28), and that only one allele of murine nectinl carries P138.

The role played by residue 138 in gD binding to nectinl
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should be interpreted in light of the V structure. This has not
been solved, and it was deduced here by computer modeling by
using as the template model the crystallographic structure of
myelin membrane adhesion molecule PO (PDB code, INEU),
which has been solved at a 3-A resolution (Fig. 7). As men-
tioned above, the V structure is typically formed by two inter-
acting B-sheets, of which one is made of B-strands C, F, and G
and the other of B-strands D, E, F, and A. The two sheets are
joined at one side by the C'C” B-strands and the C'-C" loop. At
the opposite side lie B-strands G and A. The deduced structure
of nectinl V predicts that L138 is located in B-strand G. This
raises the issue of how residue 138 affects gD binding to nec-
tinl, given that it is located distally from the gD-binding site.
Computer modeling of the L138P substitution indicates that P
is located outside B-strand G whereas L is located within
B-strand G, with the net effect of reducing the dimension of
B-strand G and the number of hydrogen bonds. In addition, P
appears to be more exposed to solvent. It can therefore be
suggested that the L138P substitution may decrease the overall
stability of V and thus promote a long-range effect on the
CC'C" surface. The present data suggest that the lower stabil-
ity of the molecule structure affects the interaction of gD
binding to nectinl. Genetic evidence in favor of these predic-
tions is provided here by the finding that P138L exchange in
the 70-to-95 mutant increased the reactivity to MAb R1.302.

The interaction of PVR with poliovirus has been the subject
of numerous studies. The crystallographic structure of polio-
virus has been solved (32), and therefore, structural analyses
are fairly advanced. Even in the case of PVR, the CC'C”
surface represents the major site that binds poliovirus. Simi-
larly, the CC’ surface represents the site on CD4 that binds
human immunodeficiency virus. Cumulatively, these data sug-
gest that this part of V is highly exposed on the cell surface. It
is of interest to note that mutational analysis of PVR identified
residues distal from the poliovirus binding surface that affect
the interaction of the virus with its receptor (4).

Altogether, the results of the present study emphasize the
key role played by the overall structure of nectinl V on its
ability to bind HSV gD. This role is also indirectly supported
by the finding that soluble forms of V are effective in compet-
itively blocking HSV entry into cells whereas synthetic peptides
with sequences identical to that of the 64-t0-94 region fail to
block HSV entry (F. Cocchi, L. Menotti, M. Lopez, and G.
Campadelli-Fiume, unpublished data). The present analysis
provides helpful data for the ultimate construction of a molec-
ular model of the interaction between nectinl and HSV gD,
which is still missing.
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