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Background: PILRa is an inhibitory receptor predominantly expressed in myeloid cells.
Results: NPDC1 and COLEC12 are novel PILR« ligands. PILR« arginine residues 133 (mouse) and 126 (human) are critical

contact residues.

Conclusion: PILRa/ligand interactions involve a conserved domain in PILR« and a sialylated protein domain in the ligand.
Significance: PILR« interacts with various ligands to alter myeloid cell function.

Paired immunoglobulin-like receptor (PILR) e is an inhibi-
tory receptor that recognizes several ligands, including mouse
CD99, PILR-associating neural protein, and Herpes simplex
virus-1 glycoprotein B. The physiological function(s) of interac-
tions between PILR« and its cellular ligands are not well under-
stood, as are the molecular determinants of PILRa/ligand inter-
actions. To address these uncertainties, we sought to identify
additional PILR« ligands and further define the molecular basis
for PILRa/ligand interactions. Here, we identify two novel
PILR« binding partners, neuronal differentiation and prolifer-
ation factor-1 (NPDC1), and collectin-12 (COLEC12). We find
that sialylated O-glycans on these novel PILR« ligands, and on
known PILR« ligands, are compulsory for PILRa binding.
Sialylation-dependent ligand recognition is also a property of
SIGLEC1, a member of the sialic acid-binding Ig-like lectins.
SIGLEC1 Ig domain shares ~22% sequence identity with
PILRa, an identity that includes a conserved arginine localized
to position 97 in mouse and human SIGLEC1, position 133 in
mouse PILR« and position 126 in human PILRa. We observe
that PILRa/ligand interactions require conserved PILRa Arg-
133 (mouse) and Arg-126 (human), in correspondence with a
previously reported requirement for SIGLEC1 Arg-197 in
SIGLEC1/ligand interactions. Homology modeling identifies
striking similarities between PILR« and SIGLECI1 ligand bind-
ing pockets as well as at least one set of distinctive interactions in
the galactoxyl-binding site. Binding studies suggest that PILR«
recognizes a complex ligand domain involving both sialic acid
and protein motif(s). Thus, PILR« is evolved to engage multiple
ligands with common molecular determinants to modulate
myeloid cell functions in anatomical settings where PILR«
ligands are expressed.

1 This article contains supplemental Figs. S1-58.
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Paired receptors are cell surface proteins bearing highly sim-
ilar extracellular ligand-binding domains but divergent intra-
cellular signaling domains. Paired receptors are classified into
two families, the Ig superfamily or C-type lectins, and carry out
diverse functions, including fine-tuning of cellular responses,
apoptosis, migration, and pathogen clearance (1-3). Human
paired immunoglobulin-like receptors (PILR)*> « and @ are
related type I transmembrane receptors. PILR« and -B share
high similarity in their extracellular domain but contain highly
divergent intracellular signaling domains and resulting func-
tions (4, 5). PILR« is predominantly expressed in cells of the
myelomonocytic lineage, including monocytes/macrophages,
granulocytes, and dendritic cells (4, 6). PILR« has two cytoplas-
mic immunoreceptor tyrosine-based inhibitory motifs that
recruit SHP-1 and SHP-2 to trigger an inhibitory signaling cas-
cade such as reduced intracellular calcium mobilization (4, 5).
PILR, however, associates with the immunoreceptor tyrosine-
based activation motif-bearing DAP12 adaptor molecule to
deliver activating signals (6). Recent evidence suggests that
modulation of the PILR pathway, by triggering PILR« with an
agonist antibody or by deleting PILR, attenuates pulmonary
inflammation, emphasizing the importance of this pathway in
the innate immune response (7).

PILR« ligands identified to date include mouse CD99
(mCD99) (6), PILR-associating neural protein (PANP) (8), and
HSV-1 glycoprotein B (HSV-1 gB) (9). CD99 is a single chain
glycoprotein that participates in the migration of leukocytes
through endothelial junctions by homophilic interaction (10,
11). In mice, CD99 binds to PILR« and -8 with 2.2 and 85 um
affinities, respectively (12). Two sialylated O-linked glycans
present on mCD99 (Thr-45 and Thr-50) are crucial for inter-

2 The abbreviations used are: PILRa, paired immunoglobulin-like receptor «;
PANP, PILR-associating neural protein; HSV-1 gB, HSV-1 glycoprotein B;
ECD, extracellular domain; SPR, surface plasmon resonance; h, human; m,
mouse; aa, amino acid; PBMC, peripheral blood mononuclear cell.
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actions with PILR proteins (13). Sialic acid-containing glycans
are abundantly expressed on cell surfaces, secreted glycopro-
teins, and in the extracellular matrix, where they are usually
found at the exposed, nonreducing termini of oligosaccharide
chains and are therefore well suited to function as ligands in
cellular recognition events (14). The physiological consequence
of the PILRa/CD99 interaction is not understood.

PILR« also binds to HSV-1 gB to mediate viral fusion with
entry into cells (9, 15). Interestingly, expression of PILR« on
cells enhances HSV-1 entry, whereas expression of PILR3 does
not (16). This suggests HSV-1 gB is not a PILRP ligand, and
subtle amino acid differences between « and 8 play a role in
ligand selectivity. Reminiscent of mCD99/PILR« interactions,
PILR« recognition of gB also requires two sialylated O-glycans
on gB (17). PILR« associates with HSV-1 gB but not with other
HSV-1 glycoproteins, despite the presence of O-glycosylation
sites on these envelope proteins (18). PILRa and PILRS pro-
teins do not strongly bind carbohydrate molecules in glycan
microarrays (12). Therefore, PILRa does not appear to associ-
ate with glycans alone and instead seems to recognize both
protein and O-glycan components.

Understanding common interaction themes among inhibi-
tory receptors might provide insight into their function.
Among inhibitory receptors, PILR is considered a unique fam-
ily, since it bears no significant homology to other Ig superfam-
ily members (4). Notably, a few key residues of the SIGLEC1
ligand recognition domain are found in PILR« (12). SIGLECs
recognize sialylated glycans found on natural cellular ligands
and also on certain pathogens that are able to synthesize or
capture sialic acid from their hosts (19). The crystal structure of
SIGLEC1 complexed to 3'-sialyllactose shows residues on the
B-strands making multiple contacts with sialic acid, whereas
relatively few contacts are formed with the adjacent carbohy-
drates. A highly conserved and essential arginine residue (Arg-
197 in SIGLEC1) and two well conserved aromatic groups (both
tryptophans) are involved in sialic acid recognition (20, 21).
Likewise, the PILR«a extracellular domain (ECD) shares two
evolutionarily conserved arginines with SIGLECs, one of which
is located in a B-strand potentially involved in ligand interac-
tions. In this context, it is important to note that the Ig-like
domain of PILR« has only 30% homology to other Ig superfam-
ily domains, so it is possible that unique interacting domains
might have evolved within PILR« (4, 5, 7, 22). Although seem-
ingly distinct gene families, the conservation of certain residues
between PILRa and SIGLECs begs the question whether these
residues are involved in PILRa/ligand recognition.

We sought to elucidate how PILRa recognizes its ligands and
to specifically test the requirement of the arginine shared by
PILRe and SIGLEC1. Our mutational, biochemical, and
homology modeling analyses show that the interaction of
PILRa with its established ligands (CD99 and HSV-1 gB)
requires the recognition of a conserved arginine within the
ECD of PILRa combined with specific sialylated O-glycans on
the ligands. Given this molecular mechanism of interaction, we
propose that PILRa will have multiple ligands. In support of
this, we observed significant binding of PILR« fusion protein to
diverse primary hematopoietic cells. In addition, we report the
identification of two novel binding partners of PILR«, neural
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proliferation differentiation and control-1 (NPDC1) and col-
lectin-12 (COLEC12), suggesting a complex network of ligands
might modulate cellular functions via PILRc.

EXPERIMENTAL PROCEDURES

Cells, Transfections, and Fusion Proteins—GenBan
accession numbers are shown in parentheses. The DNAs
encoding human PILRa (NM_013439), CD99 (NM_002414),
NPDC1 (NM_015392), COLEC12 (NM_130386), mouse
PILRa (NM_153510), and CD99 (NM._025584) were amplified
from human and mouse splenic cDNAs. HSV-1 gB was ampli-
fied from cDNA isolated from HSV-1-infected 293T cells.
Mutations were generated with a Stratagene QuikChange XL
site-directed mutagenesis kit. The resulting DNA fragments
were restriction digested and ligated into pRKneo with or with-
out N-terminal FLAG or C-terminal His tags for full-length
expression. 293T cells were transfected with expression con-
structs with Lipofectamine2000 (Invitrogen) according to the
manufacturer’s instructions. Two days after transfection, cells
were collected for staining.

The ECDs of hCD99 (aa 1-123), mCD99 (aa 1-137), and
hNPDCI (aa 1-190) were cloned into the expression vector pRK5
as fusions to the Fc portion of murine IgG2a. The mIgG2a Fc
fusion proteins were produced by transient transfection of CHO
cells purified as described (23). The extracellular domains of
mPILRa/mPILRaR133A (aa 1-197) and hPILRa/hPILRaR126A
(aa 1-196) were produced as mIgG2a Fc fusion proteins contain-
ing two mutations known to abolish FcR binding (termed “Fc
DANA”) (24). Human Siglec (NM_014385) ECD (aa 1-350)
fused to human IgG1 Fc was transiently expressed using the
PRK vector in 293 cells and purified over Mab Select Sure
(GE Healthcare). The mature N terminus (Q19) was verified
using mass spectrometry.

Human NPDC1 (aa 1-190) was cloned into the expression
vector pRK5 as a fusion to a C-terminal Hisg tag, and
hCOLEC12 (aa 57-742) was cloned into the expression vector
pRK5 with an N-terminal His, tag. His-tagged fusion proteins
were purified with nickel nitrilotriacetic acid-agarose resin
(Qiagen, 7.5 ml resin/liter) and eluted with 250 mm imidazole,
0.3 M NaCl, pH 8.0. The eluted proteins were concentrated and
loaded over a Superdex 200 (GE Healthcare) gel filtration col-
umn. Appropriate fractions were pooled, concentrated, and
dialyzed into PBS.

Generation of Monoclonal Antibodies—Four to 6 week old
Armenian hamsters (Cytogen) or mice were immunized with 2
mg/injection each of murine and human recombinant PILRe
proteins. The immunogens were resuspended in monophos-
phoryl lipid A/trehalose dicorynomycolate adjuvant and
injected via footpad or i.p. at 3—4-day intervals for a total of 10
boosts. Three days after the final boost, lymphocytes from
immunized spleens and lymph nodes were harvested for fusion
with SP2/0 myeloma cells (American Type Culture Collection)
using the Cyto Pulse CEEF-50 apparatus (Cyto Pulse Sciences).
Briefly, after washing twice with Cytofusion Medium C (Cyto
Pulse Sciences), the isolated lymphocytes and SP2/0 cells were
mixed at a 1:1 ratio and resuspended at 10 million cells/ml in
Cytofusion Medium C. Electrofusion was performed according
to the manufacturer’s guidance. Fused cells were cultured in
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ClonaCell-HY Medium C (StemCell Technologies) overnight
at 37 °Cin a 7% CO, incubator. The next day, fused cells were
centrifuged and resuspended in 10 ml of ClonaCell-HY
Medium C and then gently mixed with 90 ml of methylcellu-
lose-based ClonaCell-HY Medium D (StemCell Technologies)
containing HAT components. The fused cells were plated into
100-mm Petri dishes (BD Biosciences) and allowed to grow at
37 °Cina7% CO, incubator. After 7-10 days, single hybridoma
clones were picked by ClonePix (Genetix, United Kingdom)
and transferred to 96-well cell culture plates (BD Biosciences)
with 200 ul/well ClonaCell-HY Medium E (StemCell Technol-
ogies). Hybridoma culture media was changed prior to ELISA
screening. All ELISA-positive clones were further screened by
flow cytometry. After at least two rounds of single cell subclon-
ing by limiting dilution, final clones were scaled up, and
supernatants were collected for antibody purification. The
hybridoma supernatants were purified by protein A affinity
chromatography, then sterile-filtered (0.2 wm pore size, Nal-
gene Nunc International, New York), and stored at 4 °C in PBS.
The purified mAbs were confirmed by ELISA and flow cytom-
etry before testing in functional assays. The isotypes of purified
mAbs were determined by a mouse monoclonal antibody iso-
typing kit (Roche Diagnostics). The isotypes of purified hamster
mAbs were determined by ELISA.

Ligand Screen—The extracellular domains of hPILR«a (aa
1-196) and mPILR« (aa 1-197) were cloned into the expression
vector pRK5 as C-terminal fusions to alkaline phosphatase.
293T cells were transfected with PILRa-AP-pRK5 constructs
using the FUGENE 6 transfection reagent (Roche Diagnostics)
according to the manufacturer’s instructions. Three days after
transfection, supernatants were collected for screening. COS7
cells were plated in a 24-well format and transfected with 100
clones per well (Origene, human DNA library containing
20,000 genes). Two days later, cells were incubated with human
or mouse PILRa-AP supernatants for 45 min at room temper-
ature (RT). Cells were fixed with 4% paraformaldehyde for 15
min at RT and then blocked with 100 mm glycine in HBS (20 mm
Hepes, pH 7.2, 150 mm NacCl) for 15 min at RT. Cells were then
rinsed and incubated in HBS for 90 min at 65 °C. HBS was
removed; Western Blue Substrate (Promega) was added, and
color was developed for 30 min to 1 h.

MALDI-TOF MS of Permethylated O-Glycans—To release
O-glycans by reductive B-elimination, 50 ug of concentrated
protein was dissolved in 100 ul of 50 mm sodium hydroxide, 1
Mwm sodium borohydride and incubated for ~18 h at 45 °C.
Samples were acidified with glacial acetic acid and desalted
using a Dowex 50X8 cation-exchange resin spin column (25).
O-Glycans were collected in the flow-through. Residual boric
acid was removed as a methyl ester by repeated evaporation
(three times) with methanol in a vacuum centrifugal evaporator
(Labconco). Dried glycans were subjected to two rounds of
sodium hydroxide suspension/DMSO permethylation (26).
Permethylated glycans were cleaned via solid phase extraction
on a vacuum-driven Hypersep C18 10-mg cartridge (Thermo
Scientific), followed by repeated washes with water and 5%
aqueous solution of acetonitrile, and elution with a 75% aque-
ous solution of acetonitrile. For MALDI-TOF MS analysis, 1 ul
of permethylated glycans was spotted on the stainless steel tar-
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get, followed by 1 ul of “super 2,5-dihydroxybenzoic acid”
matrix, and samples were briefly dried using vacuum (25). Spec-
tra were acquired in a positive mode on a Bruker UltraFlex
MALDI-TOF/TOF instrument and calibrated with permethyl-
ated glucose homopolymer mixture (ProZyme). Mass-based
glycan composition assignment was performed using Glyco-
Mod (27).

Radioligand Cell Binding Assay—The affinity of hPILRa-Fc
for ANPCD1 expressed on 293T cells was determined in a com-
petitive equilibrium radioligand cell binding assay. Human
PILRa-Fc was iodinated with '*°I using the Indogen method,
and free '*’I-Na was removed using a NAP-5 column. 50-pul
competition reaction mixtures containing a fixed concentra-
tion of iodinated ligand and decreasing concentrations of seri-
ally diluted, unlabeled ligand were placed into 96-well plates in
triplicate. To each well, 293T cells transiently expressing
hNPCD1 were added at a density of 200,000 cells/0.2 ml of
binding buffer (Dulbecco’s modified Eagle’s medium with 1%
bovine serum albumin, 230 nm IgG2a, 50 mm Hepes, pH 7.2,
and 2 mM sodium azide). The final concentration of the iodi-
nated protein in each competition reaction was 700 pm
(340,000 cpms per 0.25 ml). The final concentration of the unla-
beled ligand in the competition reaction varied, starting at 1000
nM and decreasing by 1-2-fold dilution for 10 concentrations,
and included a zero added buffer only sample. Competition
reactions were incubated for 2 h at room temperature, then
transferred to a Millipore Multiscreen filter plate (Billerica,
MA), and washed four times with binding buffer to separate
free from bound iodinated antibody. The filters were counted
on a Wallac Wizard 1470 y-counter (PerkinElmer Life Sci-
ences). The binding data were evaluated using NewLigand soft-
ware (Genentech), which uses the fitting algorithm of Munson
and Robard to determine the binding affinity of the antibody
(28). The calculated equilibrium K, value for the replicates
assays was 41 and 57 nm.

Equilibrium Affinity Measurement by Surface Plasmon Reso-
nance (SPR)—Equilibrium binding analysis was conducted
using ProteonXPR36 (Bio-Rad). Human COLECI12-His was
immobilized on six parallel flow cells on a Proteon GLC sensor
chip at 6400 response units by 1-ethyl-3-(3-dimethylaminopro-
pyl)carbodiimide hydrochloride/N-hydroxysuccinimide amine
coupling, and the chip surface was deactivated by ethanolamine
after immobilization. 1-ethyl-3-(3-dimethylaminopropyl)car-
bodiimide hydrochloride/N-hydroxysuccinimide treatment
without protein was used to generate the reference flow cells.
Human PILRa-Fc protein was diluted to the appropriate con-
centrations in PBST (PBS + 0.005% Tween 20) and injected at
80 wl/min at room temperature along with a PBST only control
over the immobilized proteins for 5 min. Reference subtracted
data were analyzed using the Bio-Rad Proteon equilibrium
binding software. The equilibrium-binding model was applied
using global R, ., and K}, fitting. The equilibrium K}, was cal-
culated at 1.1 pu™m (R, = 357, x> = 25 response units).

Desialylation Procedure—The analytes used for Biacore
binding studies were treated with sialidase A (Prozyme) to
cleave sialic acids from the proteins. For 100 ug of glycoprotein,
14 ul of deionized water, 4 ul of 5X reaction buffer, 2 ul of
sialidase A were added and incubated for 1 h at 37 °C. The
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treated protein was diluted 1:5 into 20 mm Tris, pH 8, 1 mm
Azide and run over a Mono Q column (GE Healthcare) to sep-
arate the enzyme from the protein. The appropriate fractions
from the Mono Q run were pooled and used for the Biacore
binding studies. To remove sialic acid from cell surfaces, cells
were incubated with sialidase A in PBS, pH 6, at 37 °C, for 3 h.
PILRa-Fc binding to sialidase A-treated cells was detected by
flow cytometry.

Sialidase-Treated Binding Analysis—The binding of selected
proteins was determined by SPR using a Biacore 3000 biosensor
system (GE Healthcare). Human PILR« (25 pg/ml in 10 mm
sodium acetate, pH 4.5) was immobilized to a CM5 sensor chip
(GE Healthcare) by amine coupling chemistry at a flow rate of 5
wl/min. The control flow cell was prepared using buffer without
the ligand. The affinity measurements were carried out in
HBS-EP running buffer (10 mm Hepes, pH 7.4, 150 mm NaCl, 3
mwm EDTA, 0.005% P20 surfactant) at a flow rate of 20 ul/min
with a 3-min injection time. Sensor surfaces were regenerated
with 10 mwm glycine, pH 3, for 2 min between runs. The test
proteins were diluted in HSB-EP buffer to 1 um concentrations.
Data were analyzed with BIAevaluation 4.1 software with sub-
traction of the control cell binding from sensograms.

HSV-1 Infection of 293T Cells—HSV-1 KOS strain (ATCC)
was propagated in Vero cells. 293T cells were grown to 80 —90%
confluence and infected with HSV-1 at a multiplicity of infec-
tion of 0.1 plaque-forming units/ml. After 1 h of adsorption at
37 °C, the virus inoculums were removed and replaced with
minimal essential medium supplemented with 5% FBS, 100
units/ml penicillin, and 100 mg/ml streptomycin. Twenty four
hours after infection, cells were harvested and analyzed for gB
expression and PILRa-Fc staining by flow cytometry.

Flow Cytometry—Cells were stained with a saturating dose of
PILRe or ligand fusion proteins. Tagged fusions were detected
with FITC-conjugated anti-mouse IgG2a (Pharmingen) or phy-
coerythrin-conjugated anti-poly-His (R & D Systems) with
anti-ragweed mIgG2a (in-house) as control. For cell surface
expression of transfected genes, cells were further stained with
goat polyclonal antibodies against mCD99 or hCD99 (R & D
Systems) followed by allophycocyanin-conjugated donkey anti-
goat IgG (R & D Systems); N-FLAG tagged hNPDCI1 expression
was detected with biotin-conjugated anti-FLAG (Sigma) fol-
lowed by APC-conjugated streptavidin (Pharmingen); C-His-
tagged hCOLEC12 expression was detected with phycoeryth-
rin-conjugated anti-poly-His (R & D Systems). Mouse PILR«
expression was detected with in-house-generated hamster anti-
mPILRa followed by APC-conjugated goat anti-hamster IgG
(Jackson ImmunoResearch). Human PILR«a expression was
detected with in-house-generated mouse anti-hPILRa fol-
lowed by purified goat anti-mIgG1 (Southern Biotech) and
APC-conjugated donkey anti-goat IgG (R & D Systems). HSV-
1-infected 293T cells were incubated with anti-gB (mAb
H1817, Novus Biologicals) followed by an APC-conjugated
anti-mouse IgG (Jackson ImmunoResearch). Cells were fixed
with 4% paraformaldehyde before analysis. For the binding of
PILR« fusion proteins to sialidase A-treated and nontreated
primary cells, C57BL/6 (The Jackson Laboratory) mouse thy-
mocytes and peripheral lymph node cells, and human PBMCs
were stained with PILR« fusion proteins followed by FITC-
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conjugated anti-mouse [gG2a. Mouse lymph node cells were
further stained with phycoerythrin-conjugated anti-CDS8.
PBMCs were further stained with APC-conjugated anti-
CD3 (all Pharmingen). Cell acquisition was performed on a
FACScalibur (BD Biosciences), and data were analyzed with
Flowjo software.

Homology Modeling—The PILRa sequence was aligned
with the N terminus of mouse sialo-adhesin from Protein
Data Bank code 1QFO using the MOE2011.10 Protein Align
application (29). Blosum62 was used as the alignment
matrix, with tree-based build-up, gap start penalty of 7 and
gap extend penalty of 1, iteration limit of 100, and failure
limit of 10. The aligned structures were used to build a
homology model using the homology model application in
MOE2011.10. The three dimensional structure of the first
chain in SIGLEC1 was used as the template, with the ligand
atoms used as the “environment” during model building (20,
21). The C- and N-terminal outgaps were not built. A total of
25 models were built with fine minimization, and the final
model was processed in Protonate3D to detect the correct
protonation states and then finely minimized. The Merck
force field (MMFF94X) with Born solvation method was
used to reproduce the small molecule interactions of the
active site. The active site/ligand interactions of SIGLEC1
and those of the PILRa model were rendered using the ligand
interaction diagram application of MOE2011.10 (30). The
active site/ligand contacts are coded according to Table 1.

Glycan Binding Assay—Each well of a 96-well plate (Nunc)
was coated with 100 ul of 5 ug/ml protein A (Sigma) in 50
mM sodium bicarbonate buffer, pH 9.5, at 4 °C overnight.
Plates were washed twice and left to block in ELISA buffer
(20 mMm Hepes-NaOH, pH 7.2, 125 mm NacCl, 0.02% NaN3,
1% BSA) for 1 h at RT. Subsequent steps were performed at
RT, and each addition of protein was followed by three
washes of ELISA buffer (150 wl/well). First, human PILR«-
Fc, SIGLEC-7, or murine IgG2a or human PILRaR126A-Fc
(2 pg/ml in ELISA buffer) were coated for 2 h, followed by a
2-h incubation with PAA-Bio probes (Glycotech, 0.5 pg/ml
in ELISA buffer). Next, streptavidin-alkaline phosphatase
(Invitrogen, 1 wg/ml in ELISA buffer) was added for 1 h.
Wells were developed using 100 ul/well of p-nitrophenyl
phosphate liquid substrate system (Sigma) for 30 min in the
dark. Plates were read at 405 nm with a Tecan Safire 2 mul-
tiwell plate reader. Binding for each receptor-ligand pair was
tested in triplicate. Wells containing glycan probes but no
protein were used to gauge background signal.

Glycan Competition Assay—The binding of selected pro-
teins was determined by SPR using a Biacore 3000 biosensor
system (GE Healthcare). Human NPDC1 (15 pug/mlin 10 mm
sodium acetate, pH 5) was immobilized to a CM5 sensor chip
(GE Healthcare) by amine coupling chemistry at a flow rate
of 5 wl/min. The control flow cell was prepared using the
buffer without the ligand. The affinity measurements were
carried out in HBS-P running buffer (10 mm Hepes, pH 7.4,
150 mm NaCl, 0.005% P20 surfactant) at a flow rate of 20
wl/min with a 3-min injection time. Sensor surfaces were
regenerated with 10 mm glycine, pH 2.0, for human NPDC1.
There was a 30-s injection time and a 2-min stabilization

VOLUME 287+NUMBER 19-MAY 4, 2012



PILRa/Ligands Interaction

A COS7-Mock

COS7-hNPDC1 COS7-hCOLEC12

Control

hPILRa-AP

mPILRa-AP

B 293T-mCD99 293T-hNPDC-1 293T-hcOLEC12 C

& A m 293T-hPILRa  293T-mPILRa
Isotype control —* [\\ ‘/\\
BN I | =eess
— hPILRa-Fc —*> KL
ﬂ NL —— hCOLEC12-his —»
mPILRa-Fc
D : E .5, hCOLEC12-His Immobilized
~10]
=10 .
S 9 c 200
— 2 150
S8 3 100
(<] [
57 2 50
5 3 o
g 2
5 o o g = N N
3 0 3 4 6 & &
Log (Total [nM]) & ~ i i i

hPILRa-Fc [M)

FIGURE 1. NPDC1 and COLEC12 are novel ligands of PILRa. A, COS7 cells were transfected with hNPDC1 and hCOLEC12 expression vectors and then stained with
hPILRa-AP, mPILRa-AP, and control supernatants followed with alkaline phosphatase substrate. B, 293T cells were transfected with mCD99, hNPDC1, and hCOLEC12,
and the transfectants were stained with isotype control, hPILRa-Fc, or mPILRa-Fc (black line). Binding to mock transfectants (gray area) represents background binding.
Transfected ligand expressing cells were gated, and their binding to PILRa-Fc is shown. C, 293T cells were transfected with human and mouse PILRq, and the
transfectants were stained with hNPDC1-Fc or hCOLEC12-His (black line). Binding to mock transfectants (gray area) represents background binding. PILRa-positive
cells were gated, and ligand fusion staining was shown. D, radioligand assays were used to determine the equilibrium binding affinity of hPILRa-Fc to hNPDC1
transiently expressed on 293T cells. '?°-Labeled hPILRa-Fc was allowed to bind to cells in the presence of increasing amounts of unlabeled hPRILa-Fc. The average
equilibrium K, value from two replicate assays was 49 nm. E, SPR equilibrium binding analysis of hPILRa-Fc binding to immobilized hCOLEC12 is shown. The equilib-
rium K, value for hPILRa/hCOLEC12 was 1.1 um.

time between runs. The test proteins were diluted in HSB-P  interact with additional novel ligands. We screened a human

buffer to the appropriate concentrations. Data were ana-
lyzed with BIA evaluation 4.1 software with subtraction of
the control cell binding from sensograms.

RESULTS

NPDCI and COLECI12 Are Novel Ligands of hPILRa—1It has
been shown that PILR has multiple ligands, including mCD99,
HSV-1-gB, and the recently identified PANP, and the presence
of sialylated O-glycans on these molecules is required for their
binding to PILR« (8, 12, 13, 17). Given the mechanism by which
PILR« recognizes its ligands, we speculated that PILRa would
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c¢DNA expression library with an alkaline phosphatase-tagged
hPILRa. In doing so, we found that hPILRa-AP bound to
NPDC1- and COLEC12-expressing cells (Fig. 14). Both mouse
and human PILRa-AP were able to bind each other, suggesting
a conserved interaction domain mediates PILR« binding to
these proteins. NPDC1 is a type I transmembrane protein and
has been identified as a neuron-specific gene involved in the
control of cell proliferation and differentiation (31). COLEC12
is a type Il transmembrane collectin family member also known as
collectin placenta 1 (CL-P1) (32) and scavenger receptor with
C-type lectin type I (33).
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FIGURE 2. Human NPDC1 and COLEC12 are glycosylated with sialylated
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glycans. Comparison of MALDI-TOF MS spectra of permethylated O-glycans,

released by reductive B-elimination, from human NPDC1-Fc and human COLEC12-His is shown. Molecular ions of permethylated glycans (glycan alditols) were

detected in positive ion mode as sodium adducts (M + Na)™.

To confirm the binding of PILRa to cell surface hANPDC1 and
hCOLEC12, we expressed N-terminal FLAG-tagged hNPDC1
or C-terminal His-tagged hCOLEC12 in 293T cells, and then
we tested mPILRa-Fc and hPILRa-Fc binding by flow cytom-
etry. mCD99-transfected cells were used as a positive control.
Both mPILRa-Fc and hPILRa-Fc bound to mCD99-,
hNPDC1-, and hCOLEC12-expressing cells (Fig. 1B). Similar
results were obtained in the converse experiment, in which
hNPDC1-Fc and hCOLEC12-His recombinant proteins were
applied to PILRa-transfected cells. Again, both hNPDC1-Fc
and hCOLEC12-His bound to human and mouse PILR« (Fig.
1C). Using an equilibrium competition radioligand assay, the
affinity (K,) of hPILR-Fc binding to the cell surface-expressed
hNPDCI1 was determined to be 49 nm (Fig. 1D). We were unable
to determine the affinity of COLEC12 for PILR« using this
method, presumably due to a low affinity interaction. We
repeated these measurements using SPR (Fig. 1E). Through this
method, the equilibrium K, of the PILRa:COLEC12 was deter-
mined to be 1.1 um. Taken together these studies demonstrate
the binding of PILR« to human NPDC1 and COLEC12 is spe-
cific and conserved across species.

O-Glycosylation of Human NPDCI1 and COLECI2 Is
Required for Their Binding to PILRa—The presence of sialy-
lated O-glycans is required for PILR« to bind its known ligands,
including mCD99, HSV-1 gB, and PANP (8, 13, 17). Human
NPDC1 and COLEC12 have multiple potential O-glycosylation
sites when analyzed using the NetOGlyc 3.1 prediction server
(34). hNPDC1 does not have any potential N-glycosylation
sites, although hCOLEC12 has multiple sites. To determine
whether both proteins are indeed O-glycosylated, they were
analyzed by MALDI-TOF MS. MALDI-TOF MS analysis of
permethylated O-glycans released by reductive B-elimina-
tion from hNPDC1-Fc and hCOLEC12-His confirmed the
presence of O-glycans. Both hNPDC1 and hCOLEC12 showed
qualitatively similar O-glycosylation profiles and two major
mono- and di-sialylated O-glycans, having the composition

15842 JOURNAL OF BIOLOGICAL CHEMISTRY

NeuAc,Hex;HexNAc,; and NeuAc,Hex,HexNAc, (Fig. 2). In
addition, analysis of hCOLEC12 by a combination of HPLC
charge profiling of fluorescent 2-aminobenzoic acid-labeled
glycans and MALDI-TOF of permethylated unlabeled glycans
(supplemental Fig. S1) also demonstrated its complex N-glyco-
sylation profile. Neutral glycans were mostly of the high man-
nose type (predominantly Man-5) and complex a fucosylated or
core-fucosylated bi-, tri-, and tetra-antennary glycan, galacto-
sylated to various degrees. Negatively charged glycans were a
mixture of core-fucosylated bi-, tri-, and tetra-antennary N-gly-
cans, mostly fully galactosylated sialylated to different extent
(from 1 to 4 sialic acid residues).

To test whether sialylated glycans on NPDC1 and COLEC12
are required for their binding to PILR«a, we performed SPR
analysis using Biacore with hNPDC1 and hCOLEC12 fusion
proteins with and without sialidase A treatment. Before siali-
dase A treatment, the proteins showed good binding responses
to hPILR« (Fig. 3). However, after sialidase A treatment, the
proteins showed little or no binding to hPILR« (Fig. 3). mCD99
was used as a control and showed similar results to both
hNPDC1 and hCOLEC12 (Fig. 3). These studies suggest that
the sialylated glycans on hANPDC1 and hCOLEC12 are required
for their binding to hPILRc.

Transfer of Mouse CD99 PKAPT Motif to Human CD99
Restores PILRo Binding—Mouse PILRa binds to mCD99 with
relatively low affinity (6, 12). However, it is unclear whether
PILR« can bind human CD99. To test this, we expressed mouse
or human CD99 in 293T cells and stained with PILRe-mIgG2a
(PILRa-Fc) fusion proteins. We found that both mouse and
human PILR«a-Fc fusions bound to mCD99 transfectants, but
neither protein bound to hCD99 transfectants (Fig. 44). This
suggests that the CD99 interaction with PILR« is not con-
served, at least between humans and mice. However, as
described below, we hypothesized that a conserved PILR«
interaction domain between mouse and human PILRa may
mediate its binding to mCD99.
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FIGURE 3. Sialylated glycans on NPDC1 or COLEC12 are required for their
binding to PILRa. The binding of selected proteins to hPILRa was deter-
mined by SPR. Human PILRa-Fc (25 ug/ml) was immobilized to a CM5 sensor
chip resulting in 11,551 resonance units (RU) bound to chip. Fusion proteins
with and without sialidase A treatment were used as analytes (1 um). Senso-
grams were corrected for response difference between active and reference
flow cell.

The differential binding of mouse and human CD99 to
PILRa may be the result of the low sequence identity between
CD99 homologs (about 41% in the extracellular domain, sup-
plemental Fig. S2) and/or the differences in glycosylation (type
and/or number of glycans). It has been shown that sialylated
O-linked glycans on mCD99 play an essential role in PILR«
binding (13). hCD99 has been reported to be O-glycosylated
(35), and like mCD99, it does not bear any potential N-glyco-
sylation sites. We investigated the possibility that lack of PILR«
binding to hCD99 is due to it carrying a distinct O-glycosylation
pattern. We first compared profiles of O-glycans from human
and mouse CD99-Fc fusion proteins. O-Glycans were released
by reductive B-elimination and permethylated prior to analysis
by MALDI-TOF MS. Comparison of MALDI-TOF spectra (Fig.
4B) demonstrated qualitatively similar O-glycosylation profiles
of human and mouse CD99, and they are similar to those deter-
mined for hNPDC1 and hCOLEC12. The composition of the
observed O-glycans is consistent with the presence of sialylated
GalpB1-3GalNAc core 1 structures, typical of CHO cell-ex-
pressed glycoproteins (36, 37).

Because O-glycans of human and mouse CD99 did not differ
qualitatively, we next examined whether there might be a dif-
ference in the number of O-glycans present on each of the pro-
teins. LC-MS analysis of reduced fusion proteins (with and
without PNGase F and sialidase digestion) showed that
hCD99-Fc carried two O-glycans and mCD99-Fc carried three
O-glycans with the composition NeuAc,_,Hex,HexNAc,. In
the case of mCD99, two adjacent O-glycosylation sites, Thr-45
and Thr-50 (NMKPT*PKAPT*°PKKPS) are relevant for
PILRa recognition (13). Sequence alignment of human and
mouse CD99 showed that Thr-41 of hCD99 corresponds to the
Thr-45 O-glycosylation site of mCD99 and that hCD99 lacks
the second potential O-glycosylation site corresponding to
Thr-50 of mCD99 (supplemental Fig. S2). Therefore, we per-
formed LC-MS tryptic peptide mapping of hCD99-Fc to deter-
mine the localization of O-glycans and to examine whether the
peptide containing Thr-41 is indeed O-glycosylated. Two
sialylated glycopeptides with following sequence were
detected, APDGGFLDLSDALPDNENKKPTAIPK (hCD99-
derived) and GPTIKPCPPCK (mlIgG2a Fc-derived) (supple-
mental Fig. S3). Each glycopeptide was glycosylated with a
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single NeuAc,_,Hex,HexNAc, O-glycan. The presence of two
sialylated glycopeptides was consistent with the LC-MS analy-
sis of reduced hCD99-Fc. The detected sialoglycopeptide
APDGGFLDLSDALPDNENKKPT*'AIPK contained Thr-41
and a Ser residue that potentially could be O-glycosylated.
However, the exact site of O-glycosylation could not have been
sequenced through the performed type of LC-MS experiment.
The presence of an O-glycan on the GPTIKPCPPCK peptide is
consistent with the previous report of it being O-glycosylated in
the truncated version of mouse IgG2a (38).

Our results indicated that human and mouse CD99 have sim-
ilar sialylated core 1 O-glycans (NeuAc;_,Hex;HexNAc;) but
that the presence of such glycans per se on hCD99 is not suffi-
cient for PILR« binding. In addition, it is possible that certain
protein interacting domains or conformations have diverged
between mouse and human CD99 (supplemental Fig. S2). One
major difference between the mouse and human CD99 glyco-
sylation is that mCD99 has two O-glycosylation sites (Thr-45
and Thr-50) (13) versus one in the human counterpart (Thr-
41). It is possible that certain motifs or conformations have
diverged between mouse and human CD99 (supplemental Fig.
S2). We asked whether the introduction of the mCD99 region
“6PKAPT®® (PKAPT) into hCD99 could confer binding of
PILRa. We expressed full-length mCD99, hCD99, and
hCD99PKAPT in 293T cells, and we again tested the binding of
hPILRa-Fc or mPILRa-Fc by flow cytometry. We found that
insertion of the mCD99 PKAPT motif into hCD99, directly fol-
lowing the Thr-41 O-glycosylation site, conferred binding
activity of human or mouse PILRa to hCD99PKAPT-express-
ing cells (Fig. 4C). Surprisingly, this interaction was similar in
magnitude to human or mouse PILRa binding to mCD99. This
suggests that PKAPT peptide is sufficient to render hCD99 to
bind PILR« likely by providing additional O-glycosylation sites
and/or certain protein determinants.

Conserved Arginine Residue in PILR« Is Required for Binding
to Its Ligands—Sialylated glycan modifications appear to be a
general feature of all known PILR« ligands and coincidently a
few other ligands of receptors such as SIGLECs (8, 12, 13, 17,
19). A conserved arginine in the ECD of SIGLECs plays a critical
role in their binding to sialic acid (20, 39, 40). The PILRa ECD
has two similar arginines (human Arg-96 and Arg-126 and
mouse Arg-103 and Arg-133) that are highly conserved across
species (Fig. 5A). The second residue (mouse Arg-133 and
human Arg-126) corresponds to the critical arginine in
SIGLEC:s that is required for their binding sialic acid on ligands
(20). The Arg-126 of hPILR« and the Arg-133 of mPILR« are
not Ig-fold stabilizing residues (Fig. 54) (4). We examined
whether mutation of Arg-133 and Arg-126 to alanine in mouse
or human PILR« affects their ligand binding activity. First, we
tested the binding of ligand fusion proteins mCD99-Fc,
hNPDCI1-Fc, and hCOLECI12-His to cell surface-expressed
wild type (WT) or mutated hPILReR126A and mPILRaR133A.
The mutation did not affect cell surface expression of either
human or mouse PILR« (supplemental Fig. S4). We found that
all fusion proteins bound to cells transfected with the wild type
(WT) versions, but not to cells transfected with either
hPILRaR126A or mPILRaR133A (Fig. 5B), suggesting Arg-126
in hPILRa and Arg-133 in mouse PILRa are required for
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were transfected with mouse and human CD99 expression vectors, and the transfectants were stained with hPILRa-Fc (black line), mouse PILRa-Fc (black line),
or control Ig (gray area). CD99-expressing cells were gated, and their binding to PILRa-Fc is shown. B, comparison of profiles of O-glycans from human and
mouse CD99-Fc fusion proteins. O-Glycans were released by reductive B-elimination, permethylated, and then analyzed by MALDI-TOF MS. C, 293T cells were
transfected with either mouse or human CD99 or human CD99 with the mouse PKAPT motif inserted after Thr-41. The transfectants were stained with
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PILRa/ligand interactions. We also generated WT and arginine
mutant human and mouse PILRa-Fc fusion proteins and
examined their binding to cell surface expressed ligands. WT
human and mouse PILRa-Fc bound to mCD99-, hNPDC1-,
hCOLEC12-, and HSV-1 gB-transfected cells, whereas
hPILRaR126A-Fc and mPILRaR133A-Fc did not (Fig. 5C).
Because gB expression can be detected on HSV-1-infected cells
24 h after infection (Fig. 5D, left panel), we additionally tested
whether each version of human or mouse PILRa-Fc bound to
HSV-1-infected cells. Again, we observed the binding of only
the WT, but not the mutant, version to HSV-1-infected 293T
cells (Fig. 5D, right panels). These studies further support an
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important role for this conserved arginine residue in PILRa/
ligand interactions.

To better quantify the difference in binding affinities between
WT and mutant PILR« variants to ligands, we performed SPR
analysis. The WT hPILRa-Fc and hPILRaeR126A-Fc were immo-
bilized on a chip, and their binding to hANPDC1, hCOLEC12, and
mCD99 was compared (Fig. 5E). All three proteins showed strong
binding to WT hPILR« (Fig. 5E). However, little or no binding was
observed with mutant hPILR«, suggesting the conserved arginine
is necessary for the interaction (Fig. 5E).

Our data suggest that PILR«/ligand interactions require a
conserved arginine on PILR« and specific sialylated decora-
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FIGURE 5. A conserved arginine in PILR« is required for ligand binding. A, amino acid sequence alignment of PILR« from various species, PILRB and the N
terminus of SIGLEC1. The positions of Ig fold residues are shown in yellow based on comparison with Igk/A and TCRBV set Ilg domains. Conserved non-Ig PILR«
residues are shown in purple. SIGLEC1 residues involved in the sialic acid-binding are in green. SIGLEC residues conserved across the family are shown in red.
Asterisks represent PILRa amino acids that are important for sialic acid interaction. Blue arrows denote the positions corresponding to active sites of the SIGLEC1
crystal structure and PILRa homology model. The underlined segments designate B-strands within PILRa. Black circles represent PILR« residues that were
mutated to screen for HSV-1/gB binding by others (16). The pairwise percentage residue identity between PILRa and SIGLECT was 23%. B, 293T cells were
transfected with WT human and mouse PILR« (blue line), or human PILRaR126A and mouse PILRaR133A (red line) expression constructs, and the transfectants
were stained with mCD99-Fc, hANPDC1-Fc, or hCOLEC12-His. Background binding to mock transfectants is shown in gray. PILRa-positive cells were gated, and
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were gated, and PILRa-Fc staining was shown. D, 293T cells were infected with HSV-1. Left panel, 24 h later, gB expression in HSV-1 (black line) or mock (gray
area) infected cells is shown; right panel, hPILRa-Fc or mPILRa-Fc (blue line), hPILRaR126A-Fc, or mPILRaR133A-Fc (red line) binding to HSV-1 infected cells is
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tions on the ligands. Because sialylation occurs naturally on
many cell surface proteins, we predicted that hPILReR126A/
mPILRaR133A proteins would not recognize ligands present
on the surface of primary cells. To test this, we stained mouse
and human hematopoietic cells with human or mouse PILRa-
Fc. We found that both human and mouse PILRa-Fc bound to
the majority of human PBMCs (Fig. 5F, left upper panels) and
also showed strong binding to human T cells (Fig. 5F, left, lower
panels). For murine cells, PILRa-Fc fusions bound well to thy-
mocytes and CD8" peripheral T cells (Fig. 5F, right panels).
However, neither hPILRaR126A-Fc nor mPILRaR133A-Fc
bound to human PBMC:s (Fig. 5F, left panels), mouse thymo-
cytes, or peripheral T cells (Fig. 5F, right panels). These results
suggest the conserved arginine residue within mouse and
human PILR« is required not only for binding to ligands
expressed via transfection but also to ligands present on pri-
mary cells.

Role of Sialic Acid in Mediating PILRa/Ligand Interactions—
To examine the contribution of sialic acid to PILRa/ligand
interactions on primary cells, we treated cells with sialidase A, a
broad specificity enzyme capable of cleaving a variety of sialic
acid linkages. We found that sialidase A treatment of human
PBMCs (Fig. 6A, left panels), mouse thymocytes, as well as
CD8™ T cells (Fig. 64, right panels) abolished both hPILR«-Fc

AV N
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and mPILRa-Fc binding. The removal of sialic acid from cell
surfaces was confirmed by loss of binding by human SIGLEC,
which is known to directly bind sialic acid (supplemental Fig.
S5A) (19). Sialidase A treatment did not significantly affect the
global expression of cell surface markers, as gauged by CD3 and
CD8 levels (supplemental Fig. S5B). We conclude that sialic
acid is an essential component of PILR«a ligands naturally
expressed by primary cells.

We next tested whether PILR« directly binds to sialic acid in
a manner similar to SIGLECs (19). Using SPR analysis, we
examined whether PILR« binding to hNPDC1-His can be
inhibited by 3'-siallylactose or 6'-siallylactose, two common
monovalent sialylated carbohydrates containing sialic acid
(Neu5Ac) in «2-3 and a2- 6 linkage, respectively. 6'-Siallylac-
tose, tested in the concentration range up to 125 mu, clearly
inhibited PILR« binding to NPDC1 (Fig. 6B, top panel). Only
partial inhibition of PILRa with NPDC1 was achieved even at
high concentrations of 6'-siallyllactose suggesting that other
motifs mediate PILRa NPDCI1 interaction. However, no appre-
ciable inhibition of binding was achieved with the highest con-
centration of competing lactose carbohydrate (Fig. 6B, bottom
right). 3'-Siallylactose, tested in the similar concentration range
as 6'-siallylactose, did not significantly inhibit PILR« binding to
hNPDC1-His (Fig. 6B, bottom left). Furthermore, we used an
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FIGURE 5—continued

ELISA-based assay with selected multivalent sialylated glycan
probes, including glycan structure identified on the ligands, in
attempt to show a direct binding of PILR« to sialylated glycans.
SIGLEC was used as a positive control. Siglec-Fc strongly
bound to oligomeric probes Neu5Aca2—6GalNAc-PAA-bio-
tin and Neu5Aca2-8Neu5Aca2-8Neu5Ac-sp-PAA-biotin
(Neu5Ac)3 compared with other probes (supplemental Fig. S6).
However, hPILRa did not show significant binding to any of the
glycan probes. These results suggested that although PILR«
may have a higher specificity toward sialic acid present in a2—6
linkage, it is not a lectin. PILR« likely binds to a more complex
structure involving both sialic acid and a protein determinant
(see below).

Modeling PILRa/Ligand Interaction Domain—Our study
identifies Arg-126 (mouse Arg-133) as a critical contact residue
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in hPILR« (Fig. 5). Others have shown that Trp-139 is also
important in mediating hPILR« interaction with its ligand gB
(16). Given the similarities of the binding residues between
PILRe and the SIGLEC family, we built a homology model of
PILRe to gain insights into its contact residues (Fig. 7, Table 1,
and supplemental Fig. S7). The crystal structure of SIGLEC1
(PDB code 1QFO) was used as a template, whereas the ligand
atoms (see supplemental Fig. S7A) for sialic acid ligand were
used as the “environment” during model building (20). The
ligand-receptor contacts were coded for comparison (CO1 to
C14; Table 1).

Despite the low sequence identity between SIGLEC1 and
PILR« (Fig. 5A), it is clear that most of the contacts are strik-
ingly similar, even when the active site residues are not identical
(Fig. 7, Table 1, and supplemental Fig. 7, Band C). First, the C03,
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FIGURE 6. Role of sialic acid in mediating PILRa/ligand interactions. A, binding of hPILRa-Fc or mPILRa-Fc to sialidase A-treated (red line)
and -untreated (blue line) total human PBMC and T cells (left panels) and mouse thymocyte and CD8™ T cells (right panels) is shown, and the binding of
isotype control to these cells is shown in gray. B, binding of hPILRa and the glycans to human NPDC1 was determined by SPR. Human NPDC1 (15 ug/ml)
was immobilized to a CM5 sensor chip resulting in 4866.7 response units for the 6’-sialyllactose figure and 3787.3 response units for the 3’-sialyllactose
and lactose figures. Human PILRa (1 um) was used as a positive control. Lactose was used as a negative control for the glycans. For the competition
experiment, human PILRa was incubated with various concentrations of the glycans at room temperature for 30 min before running as analyte over the
chip. Sialylated carbohydrates containing sialic acid (Neu5Ac) in «2-3 (3'-siallylactose) and a2-6 linkage (6'-siallylactose) were used. Human PILRa was
run between each glycan concentration to account for surface variability. Sensograms were corrected for response difference between active and

reference flow cell.

C04 contacts (SIGLEC1.R197 versus PILRa.R126) and the C10
contact (SIGLEC1.W106 versus PILRa.W139) are identical.
SIGLEC1.5103 and PILR@.T131 both accept a hydrogen bond
via their backbone carboxylate oxygens from the ligand sialic
acid O4 (contact C05). The backbone carboxylate oxygen of
SIGLEC1.R105 and that of PILR«.Q138 accept a hydrogen
bond from N5 of the ligand sialic acid (contact C08). For con-
tact C09, the guanidine nitrogen of this arginine in SIGLEC1
interacts with the carboxylate of ligand sialic acid O1A (4.1 A),
although the side chain amino in the corresponding residue
(PILRa.Q138) has the same contact, only slightly weaker
(4.7A). The peptidic backbone of SIGLEC1.L107 and the corre-
sponding PILR@.Q140 have identical contacts with the ligand;
their amino group contacts the ligand sialic acid O8 (coded as
C11), and their carboxylate oxygen can accept a hydrogen bond
from the ligand sialic acid O9 (coded as C12). Similarly,
although SIGLEC1.W2 has proton/P; interaction with the
ligand sialic acid C11 with a distance of 3.6 A, the base confor-
mation of the corresponding residue (PILRc.Y33) is slightly
further (5.4 A), but a 30° rotation of the tyrosine side chain
along CA-CB makes perfect overlay of the two aromatic sys-
tems, suggesting that the two receptors might have nearly iden-
tical contacts at this site too (CO1).

MAY 4,2012+VOLUME 287+NUMBER 19

Nonetheless, there are distinctive features that may
explain the different binding profiles of ligands to SIGLEC1
versus PILRa. For example, the hydroxyl group of tyrosine 44
of SIGLEC1 donates a hydrogen bond to O6 of the ligand
galactose (contact code C02). The corresponding residue in
PILR« (Arg-74) faces away from the ligand, toward Phe-124.
Instead, in PILR« the GIn-140 resides in this area. To explain
the difference in binding of 3'-siallylactose versus 6'-sial-
lylactose to PILR« (Fig. 6B), the structure of 6'-siallylactose
was aligned to the fixed crystal conformation of 3’-siallylac-
tose inside the active site of SIGLEC1/PILR« using the Flex-
ible alignment application of MOE2011.10 with default set-
tings (supplemental Fig. S8). The result suggests that the
sialyl and glucosyl parts of the two ligands may align per-
fectly, despite the re-orientation of the galactoxyl group. In
the context of the receptors, the rearrangement of the galac-
tosyl in 6'-siallylactose brings all three hydroxyl groups
(2',3',4") toward the highly polar area of the cavity near Arg-
126 and Gln-140 (PILRa).

In light of the experimental binding data, this suggests that the
interaction of 3'-siallylactose with Arg-74 is not strong enough to
out-compete the desolvation energy, so this compound lacks bind-
ing to PILRa.. However, the additional polarity of 6'-siallylactose in
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FIGURE 7. Model of PILRa/ligand interactions based on SIGLEC1 struc-
ture. Ligand interaction diagrams of SIGLEC1 (top, from Protein Data Bank
structure 1QFO) and PILR« (bottom, from the homology model). Ligand con-
tacts are numbered in bold, according to Table 1. Residues having hydropho-
bic contacts with the ligand are shown in green, and those having a polar or
hydrogen bonding interactions are shown in purple. Blue shading denotes
solvent-exposed atoms.

TABLE 1
Ligand contacts of SIGLECT and the PILRa model

this region via the three galactosyl hydroxyls compensates the des-
olvation, hence the observable binding of 6'-siallylactose to PILRc.
In summary, the active site of PILR« is very similar to that of
SIGLEC1, with the exception that it is much more polar in the area
that interacts with the galactoxyl group of the ligand.

DISCUSSION

Evolutionary Conservation of PILR« Ligand-interacting Do-
main—Our studies provide mechanistic insights into the inter-
action of PILR« and its ligands. We find that both human and
mouse PILRa proteins cross-react with ligands from both
human and mouse as well as primary cells from both species.
This suggests that the ligand interaction domain of PILR« has
been conserved through evolution. Correspondingly, the align-
ment of PILR« sequences points to a high degree of conserva-
tion among potential contact residues (Fig. 54), some of which
(Arg-126 and Trp-139) are shared with the SIGLEC family of
receptors (12). Our studies demonstrate that one common
binding mechanism involves the recognition of one or several
sialic acid modifications in all ligands by the arginine conserved
in mouse and human PILRa. We have come to this conclusion by
showing that ligand fusion proteins, including mCD99-Fc,
hNPDCI1-Fc, and hCOLEC12-His, do not bind to hPILRaeR126A
and mPILRaR133A expressed on cell surfaces, whereas they all
bind to WT human or mouse PILRa (Fig. 5B). Mutated fusion
proteins hPILRaR126A-Fc and mPILRaR133A-Fc do not bind
cell surface mCD99, hNPDC1, hCOLEC12, and HSV-1 gB (Fig. 5,
C and D). Our SPR analysis shows that only WT hPILRa-Fc but
not mutated hPILRaR126A-Fc is capable of ligand binding (Fig.
5E). Finally, hPILRaR126A-Fc and mPILRaR133A-Fc fail to inter-
act with natural ligand(s) expressed on primary hematopoietic
cells (Fig. 5F), suggesting this conserved arginine is required for
binding to ligands in a more natural context. The uniform bind-
ing interaction mode of PILR« by sialic acid recognition might
have evolved to trigger a conserved signaling pathway and func-
tional outcome depending on which ligand(s) are encountered
by PILRa. The convergence of PILR« sequences across differ-
ent species may be indicative of receptor genes that are
responding to evolutionary pressure provided by pathogens or
unknown ligands (16).

Ligand atoms are according to crystal structure (20). Some corresponding atomic distances are shown under comments for SIGLEC1 and PILRa.

SIGLEC1 PILR«
Contact code Active site residue/atom Ligand residue/atom Active site residue/atom Ligand residue/atom Comments
C01 Trp-2.Ring SIA201.C11 Tyr-33.Ring SIA201.C11 3.6 versus 5.4 A
C02 Tyr-44.0H GAL202.06 Arg-74NH1/NH, GAL202.06 “
C03 Arg-97.NH1 SIA201.01A Arg-126.NH1 SIA201.01A Identical
C04 Arg-97.NH, SIA201.01B Arg-126.NH, SIA201.01B Identical
C05 Ser-103.0 SIA201.04 Thr-131 SIA201.04 2.8 versus 4.8 A
C06 Arg-132 b )
Co7 Asn-104.CA SIA201.04 GIn-137.0E1 SIA201.N5 5 versus 4.4 A
Co8 Arg-105.0 SIA201.N5 GIn-138.0 SIA201.N5 Identical
C09 Arg-105.NE SIA201.01A GIn-138 SIA201.01A Identical
C10 Trp-106.Ring SIA201.C9 Trp-139.Ring SIA201.C9 Identical
C11 Leu-107.0 SIA201.09 GIn-140.0 SIA201.09 Identical
C12 Leu-107.N SIA201.08 GIn-140.N SIA201.08 “ )
C13 Leu-107.CD2 GAL202.06 GIn140.NE2 GAL202.06 3.8 versus 2.8 A
Cl4 Asp-108 Ser-141 ¢

“ Arg-74 in PILR« is facing away from the ligand, and making a hydrogen bond with Phe-124. However, this area is mostly occupied by GIn-140 in PILRa.

? Solvent-exposed side chain is indicated.
¢ Both residues are about 5 A away from SIA201.09.
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Similarities between PILRa and SIGLECs—A highly con-
served and essential arginine residue (Arg-197 in SIGLEC1)
contacts the carboxylate group of sialic acid and two trypto-
phans that interact with the N-acetyl and glycerol moieties of
N-acetylneuraminic acid (20, 21). Our functional data with
arginine-mutated PILRa is consistent with a model in which
SIGLECs and PILR« share some aspects of the ligand binding
mechanisms. Our analysis identifies Arg-126 as a key contact
residue in hPILRa (Arg-133 in mPILRa), and its location
appears to be critical to mediate PILR« interaction with sialic
acid on gB as well as other ligands. Further support of this
model is provided by recent data showing the Trp-139 residue
is also critical for human PILR« binding to HSV-1 gB (16). This
Trp-139 is not present in PILR. Interestingly, the mutation of
L139W in PILRB does not confer the ability to mediate binding
to HSV-1 gB, suggesting that there are other amino acids that
specify PILR«/gB interactions (16). Based on a published struc-
ture of a SIGLECI coupled to sialic acid (20), it is possible to
speculate on how PILR« might recognize sialic acid-containing
ligands. The PILR« homology model identifies key active site
residues that are shared with SIGLECs. Even in cases where
residues were not identical, they were highly similar, strength-
ening our confidence in this model. Structural resolution of
PILRe in the context of sialylated proteins will be necessary to
define the precise interaction domains. Our preliminary com-
petition binding studies and structural modeling show that
PILRe preferentially binds to a2—6 over a2-3 sialic acid link-
ages. Additional studies are needed to extend such analysis
against a variety of glycans structures. SIGLEC1 and multiple
CD33-related SIGLECs can interact with sialic acids on patho-
gens such as Neisseria meningitidis, Campylobacter jejuni,
group B Streptococcus, and Trypanosoma cruzi (19). An open
question is whether PILR« can likewise interact directly with
similar pathogens, which are known to carry sialylated sugar
modifications on their surfaces. Our data and data from others
(16) show that conserved residues in PILR« bind to ligands with
sialic acid determinants. Although this intriguing similarity
exists between SIGLECs and PILRe, several distinguishing fea-
tures should be incorporated into the model of PILR«a/ligand
interactions. First, although both PILRa and SIGLECs can rec-
ognize sialic acid directly, PILRa does not show significant
binding to selected glycan probes or to a glycan library, and 6'-sial-
lylactose selectively but only partially (~50%) competes in ligand
binding (12). Second, the residues shared by PILR« and SIGLECs
are also found in PILRB. However, PILRP either does not bind to
the ligands or it has much lower affinity, suggesting that the pres-
ence of the critical contact sites such as arginine and tryptophan
are not sufficient to mediate binding (12, 16). Third, PILRa/ligand
interactions have higher affinities (ranging from 0.049 to 1.1 um
for NPDC1 or COLEC-12, respectively, and 2.2 um for mCD99
(12)) when compared with SIGLECs or other lectins that recog-
nize glycans directly (19). Finally, our structural modeling suggests
that several contact residues are exposed to solvent, which could
serve as contact sites for amino acids within the ligands. Therefore,
PILRa likely binds to a structural domain involving both sialic acid
and protein determinants.

Complexity of PILRa/Ligand Interactions—It has been shown
that mCD99, HSV-1 glycoprotein B, and PANP are PILR« ligands
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(6, 12, 15). Here, we find that human NPDCI1 (K, = 49 nm) and
COLECI12 (K, = 1.1 um) can also recognize PILRa. NPDC1 has
been identified as a neuron-specific gene involved in the control of
cell proliferation and differentiation (31). Although the biological
significance of these interactions is unknown, it appears that
PILR«a recognizes diverse ligands. The identification of multiple
neuron-specific PILRa ligands (PANP and NPDC1) suggests
PILRa might play a role in the central nervous system.

COLECI12 is the only member of the Collectin scavenger
receptor family that is expressed as a cell surface transmem-
brane protein, and its ECD contains coiled-coil, collagen-like,
and C-type lectin/carbohydrate domains (32). COLEC12 is
expressed in vascular endothelial cells and monocytes and
mediates the uptake of oxidized low density lipoproteins and
microbes (32, 33). Interestingly, Collectins have been shown to
interact with other inhibitory receptors such as signal regula-
tory protein « to modulate lung pathophysiology (41).
Although the biology of PILR«a and its interacting partners
COLEC12 and NPDC1 is not understood, PILR« is emerging as
a receptor that recognizes a group of ligands bearing a unique
sialic acid signature. Correspondingly, we found that human
and mouse PILRa-Fc fusions bind to mouse thymocytes,
peripheral CD8™ T cells, as well as a majority of human PBMCs
and especially T cells. These data suggest that PILR« ligands are
broadly expressed in immune cells, and multiple ligands might
contribute to the binding of certain cell types to PILR. Because
the presence of sialylated glycan is a common feature of all
known PILR« ligands, we would predict that PILRa might have
additional unknown cellular ligands.

Conclusions—An evolutionarily conserved domain contain-
ing an arginine residue (hPILRaR126 and mPILRaR133) is
required for PILR« interaction with multiple sialylated ligands,
including two newly identified ligands, NPDC1 and COLEC12.
Despite a striking similarity between the PILRa and the
SIGLEC binding pocket, PILR« appears to recognize both sialic
acid and a protein domain on ligands. The PILR« interactions
involve different ligands with varied affinities and anatomic
locales. Challenges for the future are to understand how these
ligands are important in mediating the biological functions of
PILRe, to elucidate the role of sialic acid and protein determi-
nants in PILRa biology, and to dissect the signaling pathways
that are triggered upon ligand interaction.
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