THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 288, NO. 47, pp. 33598-33610, November 22, 2013
© 2013 by The American Society for Biochemistry and Molecular Biology, Inc.  Published in the US.A.

Recognition of Bisecting N-Acetylglucosamine
STRUCTURAL BASIS FOR ASYMMETRIC INTERACTION WITH THE MOUSE LECTIN

DENDRITIC CELL INHIBITORY RECEPTOR 2™

Received for publication, August 26, 2013, and in revised form, October 8, 2013 Published, JBC Papers in Press, October 9, 2013, DOI 10.1074/jbc.M113.513572

Masamichi Nagae®, Kousuke Yamanaka®, Shinya Hanashima*', Akemi Ikeda*, Kana Morita-Matsumoto®,

Tadashi Satoh*?, Naoki Matsumoto®, Kazuo Yamamoto®, and Yoshiki Yamaguchi**

From the *Structural Glycobiology Team, Systems Glycobiology Research Group, RIKEN-Max Planck Joint Research Center, RIKEN
Global Research Cluster, 2-1 Hirosawa, Wako, Saitama 351-0198, Japan and the §‘Department of Integrated Biosciences, Graduate
School of Frontier Sciences, The University of Tokyo, Chiba 277-8562, Japan

N-glycans.

including bisecting GlcNAc.

\_

(Bacl(ground: Mouse dendritic cell inhibitory receptor 2 (DCIR2) specifically binds to bisecting GlcNAc-containing

Results: The crystal structure of DCIR2 carbohydrate recognition domain in complex with bisected glycan was elucidated.
Conclusion: The lectin asymmetrically interacts with the a1-3 arm (GlcNAcf1-2Man) of the biantennary oligosaccharide

Significance: Mouse DCIR?2 is the first bisecting GlcNAc-specific lectin to be structurally characterized.

J

Dendritic cell inhibitory receptor 2 (DCIR2) is a C-type lectin
expressed on classical dendritic cells. We recently identified the
unique ligand specificity of mouse DCIR2 (mDCIR2) toward
biantennary complex-type glycans containing bisecting N-
acetylglucosamine (GIcNAc). Here, we report the crystal
structures of the mDCIR2 carbohydrate recognition domain in
unliganded form as well as in complex with an agalactosylated
complex-type N-glycan unit carrying a bisecting GIcNAc resi-
due. Bisecting GIcNAc and the a1-3 branch of the biantennary
oligosaccharide asymmetrically interact with canonical and
non-canonical mDCIR2 residues. Ligand-protein interactions
occur directly through mDCIR2-characteristic amino acid resi-
dues as well as via a calcium ion and water molecule. Our struc-
tural and biochemical data elucidate for the first time the unique
binding mode of mDCIR2 for bisecting GlcNAc-containing gly-
cans, a mode that contrasts sharply with that of other immune
C-type lectin receptors such as DC-SIGN.

The innate immune system uses a variety of pattern recogni-
tion receptors on the cell surface to recognize molecular struc-
tures shared among pathogens. C-type lectin receptors on den-
dritic cells are carbohydrate binding receptors that interact
with pathogens primarily through the recognition of foreign or
endogenous carbohydrate structures (1-3). These C-type lectin
receptors recognize mannose, fucose, and glucan carbohydrate
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structures that comprise the cell walls of pathogens (4). The
recognition of pathogens by C-type lectin receptors is essential
for immune activation and antigen presentation.

Proteins containing the C-type lectin domain constitute a
superfamily of proteins, and more than 1000 of such proteins
are classified into 17 groups (group I-XVII) on the basis of
domain organization and phylogeny (4). Ca®>"-dependent car-
bohydrate binding is the most common function of the C-type
lectin domain. Group II C-type lectin receptors are type II
transmembrane proteins consisting of a short N-terminal cyto-
plasmic tail, a transmembrane helix, an extracellular stalk
region, and a single C-type lectin domain. This group consists
of asialoglycoprotein receptor, dendritic cell (DC)*-specific
ICAM3-grabbing nonintegrin (DC-SIGN), Langerin, scavenger
receptor, and members of DC-associated C-type lectin-1 (Dec-
tin-1) and the DC inhibitory receptor (DCIR) family. The DCIR
family includes DCIR, the DC activating receptor (DCAR),
Dectin-2, and blood DC antigen-2 (BDCA-2) and is encoded
primarily within a single gene cluster, i.e. the natural killer cell
gene complex on chromosome 12 in humans and chromosome
6 in mice (5). These C-type lectin domains bind both a calcium
ion and carbohydrate ligands and hence function as lectin
receptors on myeloid cells.

Human DCIR, also known as CLEC4A or CLECSF®6, is
expressed on various antigen-presenting cells such as B cells,
monocytes, and myeloid DCs (6) and acts as an inhibitory
receptor via a short cytoplasmic tail with an intracellular immu-
noreceptor tyrosine-based inhibitory motif (5). Triggering of
DCIR on human DCs results in antigen presentation and inhi-
bition of type I interferon-a production (7). The DCIR on
monocyte-derived DCs is internalized efficiently after trigger-

“The abbreviations used are: DC, dendritic cell; mDCIR2, mouse DCIR2; DC-
SIGN, DC-specific ICAM3-grabbing nonintegrin; DCIR, dendritic cell inhib-
itory receptor; BDCA-2, blood DC antigen-2; HBS, HEPES-buffered saline;
MD, molecular dynamics; E-PHA, erythroagglutinating P. vulgaris agglutinin;
GnT-lll, N-acetylglucosaminyltransferase-lll; Bis-Tris, 2-[bis(2-hydroxyethyl)-
amino]-2-(hydroxymethyl)propane-1,3-diol.
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ing with a DCIR-specific monoclonal antibody (8). Four
homologs of human DCIR are present in the mouse genome
(DCIR1-4), but only DCIR1 and DCIR2 possess the immuno-
receptor tyrosine-based inhibitory motif sequence (9). Mouse
DCIR1 is expressed in B cells, monocytes, macrophages, and
DCs (6). Mouse DCIR2 (mDCIR2), also known as Clec4a4, was
utilized as a benchmark for the selection of mouse DCs (10, 11).
The ligand binding characteristics of the DCIR family have
been extensively investigated. Human DCIR binds to mannose/
fucose-conjugated bovine serum albumin (BSA) (12) and has
been reported to act as the attachment factor for HIV-1 in DCs
(13). Recently we found that mDCIR2 specifically binds to com-
plex-type N-glycan containing bisecting N-acetylglucosamine
(GlcNAc).” Mouse DCIR?2 is the first example of an animal lec-
tin that specifically binds bisected N-glycan.

Bisecting GlcNAc is a B1—4-linked GIcNAc residue attached
to a B-mannose of the N-glycan core, and the reaction is cata-
lyzed by N-acetylglucosaminyltransferase-III (GnT-III/Mgat-
III) (14). Many reports have suggested that sugar chains con-
taining bisecting GlcNAc are involved in a variety of biological
functions such as cell-cell and cell-matrix interactions, cell
growth control, and tumor progression (15-17). A mutated
mouse with truncated inactive mouse GnT-III showed neuro-
logical dysfunction (18). Overexpression of GnT-III resulted in
the suppression of H,0O,-induced apoptosis in HeLaS3 cells by
the inhibition of the PKC8-JNK1 pathway (19) and GnT-III-
potentiated (1 integrin-mediated neuritogenesis in Neuro2a
cells (20). The addition of bisecting GIcNAc to the N-glycan of
integrin a3, inhibited cell spreading and migration by block-
ing fibronectin binding ability (21). Although bisected glycans
appear to have biological importance, lectin receptors that spe-
cifically recognize this glycan have not been well understood.

In this report we present crystallographic analyses of the
mDCIR2 carbohydrate recognition domain (CRD) in the
absence and presence of complex-type glycan containing
bisecting GIcNAc. We couple the structures with a site-di-
rected mutagenesis study and present a unique carbohydrate
binding mode.

EXPERIMENTAL PROCEDURES

Materials—The hexasaccharide GlcNAcB1-2Manal-3
[GIcNAcB1-4][GlcNAcB1-2Manal-6]Manal-O-methyl was
chemically synthesized, and the procedure will be reported
elsewhere.® Pyridylaminated biantennary glycans for NMR
titration study were prepared from sheep immunoglobulin G
(IgQ). Briefly, the N-glycans attached to IgG were liberated by
hydrazinolysis. After acetylation, the released oligosaccharides
were pyridylaminated as described previously (22, 23). The
pyridylamino derivatives of the oligosaccharides were sepa-
rated on an ODS column, and the two target oligosaccharides
(Fig. 6A) isolated. Each chemical structure was identified by "H
NMR based on previous reports (24, 25).

Protein Expression and Purification—A DNA fragment
encoding mDCIR2 CRD (Cys-107-Lys-233) was amplified by
polymerase chain reaction (PCR) using primers containing

®T. Nishimura et al., manuscript in preparation.
©S.Hanashima et al., manuscript in preparation.
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BamHI and EcoRI restriction sites. The PCR product was
cloned into the BamHI/EcoRI site of a pCold-TEV vector that
had been modified to include a tobacco etch virus (TEV) pro-
tease cleavage sequence between the hexahistidine tag and
mDCIR2. The expression plasmid was transformed into Esche-
richia coli strain Rosetta 2 (DE3) (Merck Millipore, Darmstadlt,
Germany). The transformed cells were grown in Luria-Bertani
medium at 37 °C, and the expression was induced with 0.5 mm
isopropyl B-p-thiogalactoside (Wako Pure Chemical Indus-
tries, Osaka, Japan) for 16 h at 15 °C. The harvested cells were
suspended in phosphate-buffered saline (PBS; 8 mm Na,HPO,,
1 mm KH,PO,, 137 mm NaCl, and 3 mm KCl (pH 7.4)) contain-
ing Bugbuster (Novagen) and then sonicated. After centrifuga-
tion, the inclusion bodies were washed 3 times with PBS. The
resulting protein was solubilized in 50 mm Tris-HCI (pH 8.0),
50 mM NaCl, and 8 M urea at a protein concentration of 5
mg/ml. Solubilized protein was diluted into 2 liters of buffer
containing 200 mum Tris-HCI (pH 8.0), 0.4 M L-arginine, 5 mm
reduced glutathione, and 0.5 mMm oxidized glutathione. The
mixture was equilibrated at 4 °C for 16 h with slow stirring and
then concentrated to a volume of 200 ml by the QuixStand
Benchtop system (GE Healthcare). The concentrated protein
solution was extensively dialyzed against 2 liters of PBS con-
taining 10% (v/v) glycerol at 4 °C. The dialyzed protein was
applied onto a nickel-nitrilotriacetic acid column (GE Health-
care) and eluted with PBS containing 500 mMm imidazole. The
eluted protein was treated with tobacco etch virus protease for
16 h at 4 °C to remove the hexahistidine tag. The digest was
applied onto a HiLoad 16/60 Superdex 75 prep grade column
(GE Healthcare) equilibrated with 20 mm Tris-HCI (pH 8.0),
100 mm NaCl, and 1 mm CaCl,. The protein fraction was con-
centrated to 3~5 mg/ml using an Amicon Ultra (molecular
weight cutoff, 10,000) and then subjected to crystallization
screening.

Crystallization and Structure Determination—All the crys-
tals were obtained by the hanging drop vapor diffusion method
using 0.8-ul drops containing a 50:50 (v/v) mix of protein and
reservoir solution at 20 °C. The crystallization conditions were
determined by screening using the Crystal Screen and Index
(Hampton Research, Aliso Viejo, CA). Crystals of the ligand-
free form were grown in a reservoir containing 2.0 M ammo-
nium sulfate. Crystals in complex with hexasaccharide ligand
were obtained in 0.1 m Bis-Tris (pH 6.5), 0.2 M ammonium
sulfate, and 25% (w/v) PEG 3350.

Before x-ray diffraction experiments, crystals were soaked in
the reservoir solution containing 20% (v/v) ethylene glycol and
flash-cooled in liquid nitrogen. X-ray diffraction data sets for
the crystals were collected at the synchrotron radiation source
at AR-NW12A and BL17A in the Photon Factory (Tsukuba,
Japan). All data sets were processed and scaled using the
HKL2000 program suite (26). Initial phase determination was
performed by the molecular replacement method using the
program MOLREP (27), with the structure of human DC-SIGN
(PDB code 2XR6) as template. Further model building was per-
formed manually using the program COOT (28). Refinement
was conducted using REFMACS5 (29). The stereochemical qual-
ity of the final models was assessed by MolProbity (30). Data
collection and refinement statistics are summarized in Table 1.

JOURNAL OF BIOLOGICAL CHEMISTRY 33599



Recognition of Bisected Glycan by Mouse DCIR2

TABLE 1
Data collection and refinement statistics

Ligand-bound

Data sets Ligand-free  Ligand-bound  (low energy)

Data collection statistics

Space group P6522 P3,21 P3,21
Unit cell a=b=494A, a=b=763A a=b=762A,
¢=2505A ¢=506A ¢=505A
Beam line . BL-17A, PF AR-NW12A, PF BL-17A, PF
Wavelength (A) 0.9800 1.0000 1.7000
Resolution (A)* 100-2.15 100-1.50 100-1.85
(2.19-2.15) (1.53-1.50) (1.88-1.85)
Total reflections 212,564 290,505 285,954
Unique reflections 10,806 27,520 14,745
Completeness (%)* 99.9 (100) 99.4 (100) 99.9 (100)
Roym (%)* 7.2 (48.4) 4.7 (49.6) 6.8 (41.3)
Olah” 65.2 (10.0) 60.2 (7.0) 88.1 (9.3)
Refinement statistics

Resolution (A) 42.80-2.15 66.11-1.50
Reflections 10,218 26,110
Ryori (%) 237 21.1
Riyeo (%) 27.2 224
r.m.s.d. from ideal values

Bond length (A) 0.010 0.009

Bond angle (°) 1.319 1.274
Average B-factors (A%)  34.5 19.1
Ramachandran plot

Favored (%) 96.0 98.4

Allowed (%) 4.0 1.6
“ Values in parentheses are for the highest resolution shells.

All figures were prepared with PyMOL (DeLano Scientific).
Structural superposition was performed with SUPERPOSE
(31). Dihedral angles of the glycosidic linkages were calculated
with CARP (32).

NMR Titration Analysis—mDCIR2 CRD was dissolved at a
concentration of 20 um in a volume of 0.2 ml with 5 mm
Tris'HCI (pH 8.0) containing 25 mm NaCl and 1 mm CaCl,,. All
NMR experiments were carried out on a DRX-500 spectrome-
ter (BrukerBiospin) equipped with a triple resonance cryo-
genic probe with the temperature set to 283 K. 'H chemical
shift values are given in ppm calibrated with external refer-
ence DSS (4,4-dimethyl-4-silapentane-1-sulfonic acid) at 0
ppm. Data processing was performed by XWIN-NMR Ver-
sion 3.5 (BrukerBiospin), and the spectra were displayed
using XWIN-PLOT Version 3.5 (BrukerBiospin).

Binding Assay Using Mouse DCIR2 Reporter Cells—To
express the extracellular part of mDCIR2 on the surface of the
reporter cells, the pMXs-IRES-GFP vector, containing cDNAs
encoding the cytoplasmic region of mouse CD3{ as well as the
Ly49A transmembrane domain and the extracellular domain of
mDCIR?2 (residues 70-236), was constructed and used for the
transduction of BWZ.36 cells to establish the mDCIR?2 reporter
cell line BWZ.mDCIR2. The empty vector (without the DCIR2
extracellular domain) was used to establish the control cell line
BWZ.Myc. The lectin-resistant CHO cell line, Lec8 (American
Type Culture Collection, Manassas, VA) was transfected with
mouse GlcNAc-transferase III cDNA (mgatill), and the stably
expressing cell clone, Lec8mgatlll, was used. BWZ.mDCIR2
reporter cells were cocultured with Lec8 or Lec8mgatIlI cells in
ELISA plates (Greiner Bio-One, Frickenhausen, Germany) for
16 h, and then the -galactosidase activity was determined by
colorimetric assay using chlorophenol red--p-galactopyrano-
side (Wako Pure Chemical Industries) as the substrate.
mDCIR2 clones containing the individual mutations N198A,
QI199A, W201A, D223A, or H225A were also generated by
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PCR-based mutagenesis using a QuikChange II site-directed
mutagenesis kit (Stratagene, La Jolla, CA).

Erythroagglutinating Phaseolus vulgaris Agglutinin (E-PHA)
Binding Assay Using Flow Cytometry—The presence of com-
plex-type N-glycans with bisecting GIcNAc on the cell surface
was confirmed by E-PHA binding using flow cytometry. Lec8 or
Lec8mgatlll cells (2 X 10° cells) were incubated with biotiny-
lated E-PHA (1 pg/ml) in 40 ul of 20 mm HEPES-NaOH (pH
7.4) and 150 mm NaCl (HEPES-buffered saline (HBS)) contain-
ing 1 mMm CaCl,, 0.1% NaNj, and 0.1% BSA at 25 °C for 60 min.
After washing with HBS, the cells were stained with 10 ug/ml
phycoerythrin-conjugated streptavidin (Pharmingen) at 25 °C
for 30 min in the dark. After washing 3 times with HBS, the cells
were suspended in 300 ul of HBS containing 1 pg/ml pro-
pidium iodide. The cells were analyzed by a FACSCalibur sys-
tem (BD Biosystems) and a FlowJo software (Tree Star, Ash-
land, OR).

RESULTS

Overall Structure of mDCIR2 CRD—Our aim was to reveal
how mDCIR?2 specifically recognizes the glycans that have a
bisecting GIcNAc residue. To investigate the binding mode of
mDCIR2, we determined the crystal structures of the mDCIR2
CRD in the absence and presence of the carbohydrate ligand.
The crystals of the ligand-free form of mDCIR2 CRD belong to
space group P6.22 and diffracted to 2.15 A resolution. The ini-
tial phase of mDCIR2 CRD was determined by molecular
replacement using the structure of DC-SIGN CRD as a search
model, sharing 34% amino acid sequence identity with the
mDCIR2 CRD (Fig. 1). The asymmetric unit contains one
mDCIR2 CRD molecule. mDCIR2 CRD is composed of two
a-helices (a1l and «2) and seven B-strands (81, B81', B2, B2, B3,
B4, and B5) with three disulfide bridges (Cys-107—Cys-118,
Cys-136 —Cys-229, and Cys-204 —Cys-221) (Figs. 1 and 2, upper
panel). There are two antiparallel B-sheets; one is formed by the
B1’, B1, and B5 strands, and the other is formed by the 3 and
B4 strands. The architecture of mDCIR2 CRD thus preserves
key features of a typical long-form C-type lectin-like domain
(33). A difference observed in the mDCIR2 CRD structure com-
pared with other CRDs is that the 32 strand is short and, there-
fore, does not participate in the 3-sheet composed of the 33 and
B4 strands. Instead, an additional short @B-hairpin loop is
formed between Leu-169 (B82) and Trp-179 (B2’). There is no
discernable electron density corresponding to a calcium ion in
the ligand-free mDCIR2 molecule. The high concentration (2.0
M) of ammonium sulfate, used as precipitant, may have signifi-
cantly lowered the free Ca®>" concentration. Structural super-
position of mDCIR2 and DC-SIGN reveals that the loop con-
necting the 33 and B4 strands (His-209 —Trp-214) of mDCIR2
is relatively long and kinked toward the carbohydrate binding
site (Fig. 2, lower panel). The DALI server (34) revealed that
mouse scavenger receptor C-type lectin (SRCL) CRD has the
closest structural similarity to mDCIR2 CRD (PDB code 20X9;
Z score = 22.1, root mean square deviation = 1.0 A for 116 Car
atoms) (35).

Recognition of Bisecting GIcNAc—A representative chemical
structure of a biantennary complex-type glycan containing
bisecting GIcNAc and core-fucose is shown in Fig. 3A. To clarify
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Bl P1 al a2
] ]
mDCIR2 107(CIPKDWKPFVSHCYFI LNDSK-ASWNESEEK|CISHMGAHLVVI HSQAEQDFI TSNLNTSA-GI164
mDCARI1 CIPKDWKPFGSY|ICIYFTSTDSR-ASQNKSEEK|CISLRGAHLVVI HSQEEQDFI TRMLDTAA-G
mDCIR3 CIPKDWKPFGSY|CIYFTSTDLV-ASWNESKEN|CFHMGAHLVVI HSQEEQDFI TGI LDTGT-A
mDCIR1 CIPKDWRLFGSH|CIYLVPTVSSSASWNKSEEN|CISRMGAHLVVI QSQEEQDFI TGI LDTHA-A
mDCAR2 CIPKDWKLFGSHCIYLVPTVFSSASWNKSEEN|CI[SRMGAHLVVI HSQEEQDFI TGI LDI HA-A
mDCIR4 CIPKNWKPFDSHCIYFTS--RDTASWSKSEEK|CISLRGAHLLVI QSQEEQDFI TNTLNPRA-A
hBDCA2 CPTPWTSFQSS|ICIYFI S--TGMQSWTKSQKN|CISVMGADLVVI NTREEQDFII QNLKRNS-S
hDCIR CIPKNWKSFSSN|CIYFI S--TESASWQDSEKD|[CCARMEAHLLVI NTQEEQDFI FQNLQEES-A
DC-SIGN _IQPWEWTFFQGN_IQYFMS——NSQRNWHDS[ TACKKEVGAQLVVI KSAEEQNFLQLQSSRSNRF
|
2 B2’ 3 B4
mDCIR2 165 YFI GLLDA-GQRQWRWI DQTPYNKSA-TFWHKGEPNQDWER-|CIVI I N-HKT-TGWGWNDI 219
mDCARI1 YFI GLSDV-GNSQWRWI DQTPYNDRA-TFWHKGEPNNDYEK-|C[VI LN-YRK-TMWGWNDI
mDCIR3 YFI GLSNP-GDQQWQWI DQTPYDDNT-TFWHKGEPS|ISDNEQ-|CIVI I N-HRQSTGWGWSDI
mDCIR1 YFI GLWDT-GHRQWQWVDQTPYEESI ~-TFWHNGEPS|ISGNEK-|CIATIIT ~-YRWKTGWGWNDI
mDCAR2 YFI GLWDT-GHRQWQWVDQTPYEESV-TFWHNGEPS|ISDNEK-|CIVTVY-YRRNI GWGWNDI
mDCIR4 YYVGLSDPKGHGQWQWVDQTPYDQNA-TSWHSDIEPS|IGNTEF-ICIVVLSYHPNVKGWGWSVA
hBDCA2 YFLGLSDPGGRRHWQWVDQTPYNENV-TFWHSGEPNNLDER-|CIAII NFRSSEE-WGWNDI
hDCIR YFVGLSDPEGQRHWQWVDQTPYNESS-TFWHPREPSIDPNER-ICIVVLNFRKSPKRWGWNDYV
DC-SIGN TWMGLSDLNQEGTWQWVDGSPLLPSFKQYWNRGEPNNVGEED_IQAEFS —————— GNGWNDD
5
mDCIR2 220 P|ICLKDEHNSV|CIQVKKI YL 236
mDCARI1 DICISDEENS V|CIQMKKI YL
mDCIR3 PICISDKQNSI|(CIHVKKI YL
mDCIR1 S|ICISLKQKSV|CIQMKKI NL
mDCAR2 SICCINLKQKS V|CIQMKKI NL
mDCIR4 PICCDGDHRLI|CIEMRQLYYV
hBDCA2 HCHVPQKSI|CKMKKI YI
hDCIR N|CILGP QRS V|CIE MMKI HL
DC-SIGN KENLAKFWIIQKKSA———

FIGURE 1. Sequence alignment of the carbohydrate recognition domains of DCIR family members. Amino acid sequences of human (hDCIR) and mouse
DCIR family proteins were aligned by ClustalW. The amino acid sequence information was obtained from Uniprot Knowledgebase.

the recognition mechanism of the bisecting GIcNAc-containing
glycan, we co-crystallized mDCIR2 with a truncated hexasac-
charide of biantennary complex-type glycan containing bisect-
ing GIcNAc (Fig. 3B). Co-crystals of mDCIR2 CRD with the
hexasaccharide diffracted to 1.5 A resolution in the P3,21 space
group. The asymmetric unit contains one protein-carbohy-
drate complex. The electron density for the hexasaccharide,
with all six carbohydrate residues, was readily identified (Fig.
3C). The dispersive difference Fourier map calculated from the
data set at a wavelength of 1.7 A revealed only one strong peak
density (above 10 o), corresponding to a calcium ion located in
the canonical binding site (Fig. 3D). The calcium ion is octa-
coordinated by the acidic oxygen atoms of Glu-196, Glu-202,
and Asp-218, the oxygen atoms from amides Asn-198 and Asn-
217, and the carbonyl oxygen atom of Asp-218 and OH3 and
OH4 hydroxyl groups of a1-3-linked mannose (Man-4).

The hexasaccharide forms a “trident”-like structure, with
mDCIR2 CRD interacting with three carbohydrate residues;
that is, Man-4 and GIcNAc-5 in the «l-3 branch as well as
bisecting GIcNAc (GlcNAc-7) (Fig. 44). Carbohydrate recogni-
tion by mDCIR2 is mediated by several hydrogen bonds and
coordination bonds. For the recognition of bisecting GIcNAc
(GIcNAc-7), mDCIR2 CRD interacts with two hydroxyl groups,
OH4 and OH6 (Fig. 4B). The OH4 hydroxyl group of GIcNAc-7
forms a hydrogen bond with the O8 atom of Asp-223, and the
OHS6 hydroxyl group forms a hydrogen bond with the Oe atom
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of Glu-202. One water molecule bridges the Oe atom of Gln-
199, OH6 of GIcNAc-7, and OH1 of Man-4. Thus, the recogni-
tion of bisecting GIcNAc is associated with the a1-3 branch. In
this branch Man-4 is mainly stabilized by coordination bonds
between the OH3/OH4 groups and a calcium ion (Fig. 4C).
Moreover, the OH3 group of Man-4 binds to the side chain of
Glu-202. The OH4 group of Man-4 hydrogen bonds with the
Oe atom of Glu-196 and the N§ atom of Asn-198. mDCIR2
CRD interacts with two hydroxyl groups (OH4 and OH6) and
the acetyl oxygen atom (O7) of GlcNAc-5 in the al-3 branch
(Fig. 4D). The OH4 hydroxyl group of GlcNAc-5 interacts with
the Ne atom of His-225. The OH6 hydroxyl group of GlcNAc-5
forms a hydrogen bond with the O8 atom of Asp-223. The
acetyl oxygen (O7) of GlcNAc-5 hydrogen bonds with the N
atoms of two asparagine residues (Asn-208 and Asn-217) and
forms water-mediated contacts with the Oe atom of Glu-196
and the N¢ atom of Lys-210. In contrast to the extensive inter-
action of the «1-3 branch with mDCIR?2, the a1-6 branch does
not interact with mDCIR2 CRD. The a1-6 branch is located far
from mDCIR2 CRD and is completely solvent-exposed.
Conformation of the Glycan Containing Bisecting GIcNAc—
Recent molecular dynamics (MD) simulations of biantennary
N-glycans indicated that a1-6 branches adopt five distinct con-
formers (backfold, half backfold, tight backfold, extend-a, and
extend-b), whereas the distances between the «a1-3 branch and
the core-mannose are nearly constant (36, 37). The conforma-
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FIGURE 2. Crystal structure of mDCIR2 CRD in ligand-free form. Upper
panel, overall structure of apo-mDCIR2 CRD is shown in a ribbon representa-
tion. The disulfide bridges are displayed as rods. The secondary structure ele-
ment numbering is based on a previous report (4). Lower panel, superposition
of mDCIR2 (cyan) and DC-SIGN (green).

tion of the a1-6 linkage is defined by three dihedral angles, ¢/
(C1-0-C6'-C5'), ¢ (05-C1-O-C6'), and w (O-C6'-C5'-C4’).
For glycans with bisecting GIcNAc, a “backfold” conformation
might be the favored conformer in solution. The ¢, ¢, and w
values of the backfold conformer are ~90°, ~70°, and 60°,
respectively. However, in the bisected glycan complexed with
mDCIR2, the dihedral angles of the «1-6 linkage s, ¢, and ware
—167°, 66°, and —156°, respectively. The conformer is an
“extend-b” conformation, which is a meta-stable glycan con-
former with bisecting GIcNAc according to MD simulations.
MD simulations also showed the presence of hydrogen bonds
between the bisecting GIcNAc and several other carbohydrate
residues in solution (37). However, in the crystal structure, no
such hydrogen bond was observed. Interestingly, several pro-
tein atoms and water molecules serve to mediate the sugar-
sugar interaction. For example, Asp-223 bridges OH6 of
GIcNAc-5 and OH4 of GIcNAc-7 (Fig. 4, B and D). This hydro-
gen bond network may contribute to the structural stabilization
of the ligand complex. Intriguingly, additional electron density
was observed between GIcNAc-7 and the «l-6-branched
GIcNAc-5'. This electron density was assigned to ethylene gly-
col, which was used as a cryoprotectant (data not shown). The
al-6 branch is completely exposed to solvent and essentially
free from protein interactions. Despite this observation, the
electron density of the branch was clearly observed.
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Ligand-induced Conformational Change of mDCIR2—Struc-
tural comparison of the ligand-free and ligand-bound mDCIR2
revealed that the protein structures were essentially identical,
with a root mean square deviation of 0.59 A for 127 Cax atoms.
A critical difference was found in the loop region (Pro-197—
Glu-202) near the primary calcium ion binding site (Fig. 5). The
primary calcium ion binding site of the ligand-free form is fully
opened, whereas the side chains of Asn-198 and Glu-202 con-
tribute to the coordination of the calcium ion in the sugar-
bound complex. Interestingly, ligand binding induces a flip of
the Trp-201 side chain to cover the ligand binding site. The
primary Ca®*-binding site in the ligand-free form is fully
opened, which is quite different from the C-type lectin CD23
(38). The open form of mDCIR?2 is distinct from apoCD23,
where the Ca®" -binding site is occupied by an arginine residue
from the neighboring loop (38).

Solution NMR Analysis of mDCIR2 Interaction—To demon-
strate a direct interaction between bisected glycan and
mDCIR2 in solution, we performed titration experiments mon-
itored by one-dimensional "H NMR spectra (Fig. 6). Upon the
addition of the bisected ligand, we observed spectral changes in
the "H NMR spectra in a concentration-dependent manner
(Fig. 6B). The observation indicates that the bisected glycan
directly interacts with mDCIR?2 in solution. The interaction is a
slow exchange process in terms of the chemical shift, and the
dissociation constant was estimated to be 3.0 X 107> M. In
contrast, the non-bisected ligand did not show spectral changes
(Fig. 6B), indicating that mDCIR2 binds bisected glycans
selectively.

Reporter Assay Using Alanine-substituted mDCIR2 Mutants—
To evaluate the contribution of each amino acid residue to
ligand binding, we performed reporter-gene assays using wild-
type mDCIR2 and its five alanine-substituted mutants.
BWZ.mDCIR2 cells express a chimeric protein of the mDCIR2
extracellular domain and the CD3{ cytoplasmic domain on the
cell surface. Cross-linking of mDCIR2 chimeric protein on the
cell surface by the ligands leads to 3-galactosidase expression
(39). Anti-mDCIR2 monoclonal antibody immobilized on the
plastic well transduced the cross-linking signal into both the
mDCIR2-expressing BWZ.mDCIR2 and the FLAG-tagged
mDCIR2-expressing BWZ.mDCIR2-FLAG cells but not into
the mock-transfected BWZ.36 cells (Fig. 7A). Anti-FLAG anti-
body immobilized on the well transduced the signal into the
BWZ.mDCIR2-FLAG cell but not into the BWZ.mDCIR2 or
the mock-transfected cell (Fig. 7A). These results indicate that
cross-linking of mDCIR2 chimeric proteins on BWZ.36 cell
surfaces via immobilized antibodies resulted in the expression
of B-galactosidase in the cells.

We then investigated the interaction between mDCIR2 or its
mutants, which are expressed on BWZ.mDCIR?2 cells, and bisecting
GlcNAc-containing glycans expressed on Lec8mgatlll cells.
Lec8mgatllI cells are Lec8 cells stably transfected with the mouse
GnT-III ¢cDNA (mgatlll). GnT-III expression increased the expres-
sion of bisecting GIcNAc-containing glycans on the cell surface,
which was confirmed by an ~3-fold increase in binding of
bisecting GlcNAc-specific E-PHA (Fig. 7B) (40—42). The
expression levels of five mDCIR2 mutants (N198A, Q199A,
W201A, D223A, and H225A) on mutant mDCIR2 reporter
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cells were similar to that of the wild-type protein on BWZ.
mDCIR2 cells as monitored by anti-DCIR2 antibody detection
using flow cytometry (data not shown). The wild-type mDCIR2
reporter cells responded to GnT-III-transfected Lec8mgatIII
cells but not to untransfected Lec8 cells, confirming that DCIR2
specifically bound to bisecting GlcNAc-containing glycans (Fig.
7C). In contrast, mDCIR2 reporter cells with any one of the
three mutations (N198A, W201A, and D223A) had a com-
pletely abolished response to Lec8mgatllI cells, whereas either
of the other two mutants (Q199A and H225A) had a partially
ablated response (Fig. 7C). These results clearly suggest that
Asn-198, Trp-201, and Asp-223 of mDCIR?2 are essential for
mDCIR2 binding to the bisecting GlcNAc-containing glycans
and that GIn-199 and His-225 also contribute to the binding.
The replacement of Asn-198 with alanine may impair Ca®"
coordination and abolish carbohydrate binding. It is notewor-
thy that the side chain of Trp-201 adopts alternative conforma-
tions in the ligand-containing complex structure (supplemen-
tal Fig. S1). One conformer of the indole ring makes a weak van
der Waals contact with OH6 of GlcNAc-5. The indole ring of
the other conformer weakly interacts with the side chain of
Glu-202. The carboxyl oxygen of Glu-202 coordinates the cal-
cium ion; consequently, the Trp-201 side chain may stabilize
the conformation of the Glu-202 side chain required for Ca>*
coordination. Asp-223 directly interacts with the bisecting
GlcNAc residue, and the impairment in ligand binding in the
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D223A mutant suggests a large contribution of bisecting
GlcNAc to the interaction between mDCIR2 and bisected
glycan.

Comparison of the Binding Mode with C-type Lectin
DC-SIGN—mDCIR2 and DC-SIGN belongs to C-type II lectin
receptors, and thus we compared the ligand binding modes of
each lectin. Crystal structures of DC-SIGN with a set of differ-
ent oligosaccharides such as biantennary complex-type, high
mannose-type, and fucose-containing glycans are available
(43—45). mDCIR2 was found not to prefer these glycans. More-
over, DC-SIGN has been found to predominantly interact with
the al-6 branch and the a1-3-linked mannose of both bianten-
nary complex-type and high mannose-type glycans (PDB codes
1K9T and 1SL4 (43, 44)). Comparisons of the mDCIR2 structure
with DC-SIGN in complex with a complex-type biantennary
glycan revealed that the ligand interaction modes are different
(Fig. 84). The conformations of the a1-3 branches are quite
similar in the two structures; however, the conformations of the
al-6 arm are distinct (Fig. 8B). In the biantennary complex-
type glycan bound to DC-SIGN, the dihedral angles of the a1-6
linkage ¢, ¢, and w are 167°, 71°, and 48°, respectively. The
difference in the w angle of the «l-6 linkage (—156° for
mDCIR2) may be due to crystal packing with the symmetry-
related molecule or the presence of ethylene glycol between the
bisecting GIcNAc and the al-6 arm on mDCIR2. Structural
superposition clearly demonstrates that the sugar ring of a1-3-
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linked mannose (Man-4) in mDCIR?2 is rotated around the axis,
perpendicular to the C3-C4 bond; hence, the positions of the
OH3 and OH4 groups are reversed (Fig. 8C). Therefore, the
ligand/receptor orientations are completely different between
DC-SIGN and mDCIR2. Structural superposition of the
mDCIR2 CRD and the DC-SIGN ligands shows a severe steric
clash between the al-6 arm of the ligand and the protruded
B3-B4 loop region, especially Lys-210 of mDCIR2 (Fig. 8D).
Moreover, structural superposition of the DC-SIGN CRD and
the mDCIR2 ligands also shows that the GlcNAc residue of
the «1-3 arm of the ligand (GlcNAc-5) causes a severe steric
clash with Phe-313 and Asn-367 of DC-SIGN (Fig. 8E). DC-
SIGN shows the highest affinity for the oligosaccharide
Man,GlcNAc, among the high mannose-type glycans (44).
This high affinity binding arises from the multiple binding
modes of Manal-2Man at the primary binding site (45). How-
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ever, the protruded loop region (Asn-208-Trp-214) of
mDCIR2 forms a narrow carbohydrate binding site (Fig. 8F)
and may thus prohibit binding of high mannose-type glycans
despite the flexibility and bonding potential. The presence of
the protruded B3-B4 loop might be a common feature of the
DCIR family (Fig. 1); thus, DCIR family members may bind
poorly to high mannose-type ligands.

DISCUSSION

In this study we provided the first insights into the molecular
basis of the receptor/ligand recognition mechanism of bisect-
ing GIcNAc-containing glycans. Our results show that mouse
DCIR2 mainly recognizes three carbohydrate residues, includ-
ing bisecting GlcNAc (Man-4, GlcNAc-5, and GlcNAc-7). The
hexasaccharide ligand is trident-shaped. The positions of two
disaccharide units (Man-4 and GlcNAc-5) of both branches
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relate to the approximate 2-fold symmetry along the bisecting
GlcNAc (GleNAc-7)-core Man (Man-3) axis. We found that
the disaccharide unit (Man-4’ and GlcNAc-5') of the «al-6
branch superimposes well on the corresponding unit (Man-4
and GlcNAc-5) of the al-3 branch (supplemental Fig. S2).
However, in this case mDCIR2 CRD could not directly interact
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with the bisecting GIcNAc over the a1-6 branch, because the
bisecting GIcNAc is not positioned within hydrogen-bonding
distance to mDCIR?2. In addition, the ligand binding sites of the
symmetry-related molecules are located far from the «al-6
branch and cannot be used for its recognition in the crystal
(supplemental Fig. S3). These features account for the specific
recognition of mDCIR?2 for bisecting GlcNAc along the «1-3
branch. The asymmetrical branch-specific recognition is also
explained by the structures. Thus, there is no space to accom-
modate the galactose on the a1-3 arm. In contrast, galactosyla-
tion on the a1-6 arm will not disrupt the ligand-protein inter-
action because that arm is not directly involved in the
interaction. We could not determine the exact position of
the reducing GlcNAc residue because our ligand did not
have the di-N-acetylchitobiose portion. Nonetheless, the
plausible location of the di-N-acetylchitobiose moiety is dis-
tant from the ligand binding site (supplemental Fig. S4).
Asymmetrical branch recognition of mDCIR?2 is rare among
glycan-lectin interactions, an example being PELa from
Platypodium elegans, which recognizes asymmetrical com-
plex-type N-glycans (46). A short branch of one mannose
residue is preferred along the al-6 arm, and extensions of
GlcNAc, galactose, and N-acetylneuraminic acid are toler-
ated on the al1-3 arm.

We found two entries containing the coordinates of bisecting
GIcNAc in the PDB. One structure is of snake venom metallo-
proteinase catrocollastatin/vascular apoptosis-inducing pro-
tein 2B (VAP2B) (PDB code 2DW2) (47), and the other is of a
glycoform-engineered human Fc fragment (PDB code 3SGK)
(48). In these entries the bisecting GIcNAc-containing glycans
are covalently attached to asparagine side chains in each pro-
tein. Consistent with the MD simulations, the structural varia-
tion in the al-3 arm is smaller than in the al-6 arm among
three entries (Fig. 9). In the vascular apoptosis-inducing protein
2B structure, the a1-6 arm assumes a backfold conformation,
which is the most stable conformer according to MD simula-
tions. In contrast, the bisecting GlcNAc-containing glycan of
the Fc fragment (PDB code 3SGK) assumes an extend-b con-
formation (¢ = 80°, y = 170°, and w = 168°; Fig. 9), and the
structure superimposes well on the structure of our ligand.
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The results shown represent the means of triplicate experiments, and the error bars indicate the S.D.

Human and mouse DCIR family members share a common
structural scaffold, but specific binding to cognate glycans
could occur by subtle changes in the polypeptide orientation.
Recent glycan microarray analysis revealed that human
BDCA-2, which is also known as CLEC4C and CD303, binds
biantennary complex-type glycans with a terminal galactose
(49). BDCA-2 CRD shares 54% amino acid sequence identity
with mDCIR2 CRD. Trp-201, Asp-223, and His-225 of
mDCIR?2 are replaced with Asp-146, Val-169, and Gln-171 in
BDCA-2, respectively (Fig. 1). The substitution of Asp-223 with
Val may abolish the hydrogen bonds with the bisecting
GlcNAc-containing glycan. Human DCIR shares 54% amino
acid sequence identity with mDCIR2. Importantly, Asp-223,
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which directly interacts with bisecting GIlcNAc in mouse
DCIR?2, is replaced by Gly-225 in human DCIR. Although the
ligand binding specificity of human DCIR is not known, this
difference may not allow human DCIR to bind bisected glycans.
Mouse DCIR2 CRD shows the highest sequence identity with
mouse DC activating receptor-1 (DCAR1; 72%) and mouse
DCIR3 (67%) among the DCIR family members (Fig. 1). Mouse
DCAR1 and mouse DCIR3 CRDs also possess an aspartic acid
corresponding to Asp-223, and their ligand binding properties
might be similar to those of mouse DCIR2.

Using the amino acid sequence of mDCIR2 CRD as a query
sequence, BLAST searches of the NCBI non-redundant protein
database identified several proteins with high sequence identi-
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ties in closely related species. Asp-223, the sole amino acid res-
idue that directly interacts with the bisecting GIcNAc residue,
is conserved between rat DCIR2, DCIR3 (50), and Chinese
hamster CLEC4A proteins (XP-003510222). In contrast, Trp-
201 is not conserved among similar proteins in different spe-
cies, which suggests that the Trp side chain is not essential for
ligand recognition. The severe consequences of mutating Trp-
201 in mouse DCIR?2 to alanine may be due to the disruption of
the local conformation around the ligand binding site. Ligand
characterization of these proteins is a challenge for future
studies.
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DCs are known to comprise several subsets. Two major types
of DCs are found in the mouse spleen; one is positive for CD8
and CD205 (CD8"DEC205"), and the other lacks CD8 but
expresses DCIR2 (CD8 DCIR2"). CD8*DEC205" DCs are
specialized for cross-presentation, i.e. the capacity to present
extracellular antigens to CD8™ T cells in complexes with major
histocompatibility complex (MHC) class I molecules, whereas
CD8 DCIR2" DCs are specialized for presentation of MHC
class IT molecules (11). CD8 DC subsets are subdivided
into two further subsets based on their expression of either
DCIR2 or DCAL2 (dendritic cell-associated C-type lectin 2,
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CLEC12A). DCAL2"(DCIR2™) and CD8" DC subsets prefer-
entially induce T helper 1 responses, whereas DCIR2" DCs
predominantly induce T helper 2 responses (51). Thus, each
DC subset has distinct roles in immunity to infection and in
the maintenance of self-tolerance. The physiological role of
mDCIR?2 is still unclear but may play a specific function in the
DCIR2-expressing DC subset by binding to bisected N-glycan
expressed on endogenous or exogenous proteins.

GlcNAc-terminated bisecting GIcNAc-containing N-glycan
with proximal fucose is abundant in the mouse brain, especially
in the cerebrum, cerebellum, and brain stem (52). In mouse
tissues, a high level of expression of GnT-IIIl mRNA is observed
in the brain and kidney (53, 54). Mutated mice with a truncated,
inactive GnT-III show neurological dysfunction (18). A glycan
profile of C57BL/6 mice demonstrated that GIcNAc-terminated,
bisecting GIcNAc-containing glycans are detected in various
tissues such as the colon, intestine, kidney, spleen, and testis
(consortium for functional glycomics; Functional Glycomics
Gateway). These observations suggest that the role of mDCIR2
is to bind a subset of glycoproteins in various tissues.

During N-glycan processing and maturation, the al-6 arm
undergoes multistep structural changes, suggesting that the
al-6 arm is heterogeneous. In contrast, the a1-3 arm is more
homogeneous, and a recognition preference for this arm and
bisecting GlcNAc seems to be a strategy for mDCIR?2 to bind to
N-glycans with «l-6 arm heterogeneity. The addition or
removal of galactose on the al-3 branch seems to strictly reg-
ulate mDCIR2 function. Galactosylation of complex-type gly-
cans on several proteins was reported to correlate directly with
physiological conditions. The major glycan attached to trans-
ferrin from human cerebrospinal fluid is an agalacto-bianten-
nary complex-type structure with bisecting GlcNAc and core
fucose (55), and the levels are increased in idiopathic normal
pressure hydrocephalus (56). Another example is immunoglob-
ulin G (IgG), the glycan structure of which has been extensively
characterized for different disease conditions. The carbohy-
drate structures of N-glycans of human serum IgG are mainly
biantennary, complex-type glycans, some of which contain
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bisecting GlcNAc. Agalactosylation of the N-glycan on IgG
occurs in a number of inflammatory autoimmune diseases such
as rheumatoid arthritis (57). Although the glycan structure of
mouse IgG contains biantennary complex-type sugar chains
without bisecting GIcNAc (58), the degree of galactosylation of
serum IgG is significantly decreased in autoimmune mice (59).
In addition, the expression level of GnT-III is affected by vari-
ous biological stimulants such as bisdemethoxycurcumin (60).
DCIR2 may function to detect subtle environmental changes
triggered by immune responses and oxidative stress. Further
studies on the structure-function relationships of mDCIR2 are
warranted to reveal the detailed functional role of mDCIR2
in vivo.

In conclusion, mouse DCIR2 is the first bisecting
GlcNAc-specific lectin to be structurally characterized. The struc-
ture of mDCIR2 CRD in complex with a specific glycan provides a
detailed mechanism for selective binding of complex-type glycans
containing bisecting GIcNAc. The presence of bisecting GIcNAc
enables unique asymmetric a1-3 branch recognition by mDCIR?2,
in sharp contrast to the binding mode of the well characterized
C-type lectin DC-SIGN.
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