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Dectin 1 is a mammalian cell surface receptor for (1—3)-3-p-glucans. Since (1—3)-3-p-glucans are com-
monly present on fungal cell walls, it has been suggested that dectin 1 is important for recognizing fungal
invasion. In this study we tried to deduce the amino acid residues in dectin 1 responsible for B-glucan
recognition. HEK293 cells transfected with mouse dectin 1 ¢cDNA could bind to a gel-forming (1—3)-3-D-
glucan, schizophyllan (SPG). The binding of SPG to a dectin 1 transfectant was inhibited by pretreatment with
other (3-glucans having a (1—3)-3-p-glucosyl linkage but not by pretreatment with a-glucans. Dectin 1 has a
carbohydrate recognition domain (CRD) consisting of six cysteine residues that are highly conserved in C-type
lectins. We prepared 32 point mutants with mutations in the CRD and analyzed their binding to SPG.
Mutations at Trp?*' and His**® resulted in decreased binding to B-glucan. Monoclonal antibody 4B2, a dectin-
1 monoclonal antibody which had a blocking effect on the 3-glucan interaction, completely failed to bind the
dectin-1 mutant W221A. A mutant with mutations in Trp?*' and His>>® did not have a collaborative effect on
Toll-like receptor 2-mediated cellular activation in response to zymosan. These amino acid residues are distinct
from residues in other sugar-recognizing peptide sequences of typical C-type lectins. These results suggest that
the amino acid sequence W221-1222-H223 is critical for formation of a -glucan binding site in the CRD of

dectin 1.

Fungi are some of the typical causal microorganisms in op-
portunistic infections (4). Human immunodeficiency virus pa-
tients with lower immunological potentials are frequently in-
fected with Pneumocystis carinii and Candida, which cause P.
carinii pneumonia and systemic candidiasis (20, 57). Since
these fungi generally contain (1—3)-B-p-glucans in their cell
walls (22, 34), it is assumed that the host defense system has
certain receptors for (1—3)-B-p-glucans in order to recognize
and eliminate fungal cells. Leukocytes, including neutrophils,
macrophages, and dendritic cells (DC), possess a specific re-
ceptor, dectin 1, for (1—3)-B-p-glucans (8, 53). Dectin 1 is a
type II transmembrane protein and has the typical amino acid
sequence of C-type lectins (5, 48, 58). The cytoplasmic domain
of dectin 1 also has three consecutive acidic amino acid resi-
dues that are a putative internalizing signal sequence for the
lysosomal endosome (5, 17), and it also has a putative immu-
noreceptor tyrosine-based activating motif (ITAM)-like region
consisting of a YXXL amino acid sequence (5). This ITAM
can be phosphorylated by stimulation with particulate B-glucan
(24). It has been reported that this phosphorylation can be
involved in superoxide production by macrophages (24).
Therefore, dectin 1 may contribute not only to phagocytosis of
fungal cells but also to induction of fungicidal effector mole-
cules.

(1—3)-B-p-Glucan recognition proteins also have been iso-
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lated from invertebrates, including silkworms (41), crayfish (15,
16), earthworms (6), and horseshoe crabs (50, 51, 52), and
some of their properties have been reported previously (41,
50). All these recognition proteins participate in triggering a
proteolytic cascade by which the host system for defense
against microbes may be accelerated (35, 42, 51). However, the
binding domains and their (1—3)-B-D-glucan structures have
not been fully characterized.

C-type lectins play important roles in the innate immune
response by recognizing microbial saccharides (10). The C-
type lectins recognize sugar ligands through the carbohydrate
recognition domain (CRD) with Ca?* dependence (19, 38).
For instance, mannose binding protein A interacts with a single
terminal nonreducing mannose or GlcNAc residue in an oli-
gosaccharide ligand (11, 30). In contrast, DC-SIGN, a well-
characterized C-type lectin molecule, binds to an internal man-
nose residue of the oligosaccharide, and the external
saccharides also interact with the surface of DC-SIGN (18).
Some C-type lectins expressed by DC have specificity for man-
nose- and galactose-containing carbohydrates (18, 55). Within
the CRD, the highly conserved Glu-Pro-Asn (EPN) and Gln-
Pro-Asp (QPD) sequences are essential for recognizing man-
nose- and galactose-containing ligands (13). Although mouse
dectin 1 is also expressed on DC and macrophages, it has no
EPN or QPD sequence in the CRD and does not require Ca**
for the interaction (5, 8). Therefore, it has been suggested that
dectin 1 has a recognition mode that is distinct from that of
other C-type lectins.

In this study, we prepared a dectin-1 transfectant in order to
examine its ability to bind a gel-forming (1—3)-B-D-glucan,
schizophyllan (SPG) from Schizophyllum commune. SPG is a
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TABLE 1. Physicochemical properties of the polysaccharides used in this study

Glucan Source Primary structure? Reference
Curdlan Alcaligenes faecalis Linear 1,3-B-glucan 39
Laminarin Laminaria digitata Linear 1,3- and 1,6-B-glucan 40
SPG Schizophyllum commune 1,6-Monoglucosyl-branched 1,3-B-glucan 30
SPG-OH Schizophyllum commune 1,6-Monoglucosyl-branched 1,3-8-glucan” 33
GRN Grifola frondosa 1,6-Monoglucosyl-branched 1,3-B-glucan” 34
SSG Sclerotinia sclerotiorum 1,6-Monoglucosyl-branched 1,3-8-glucan” 35
CSBG Candida albicans 1,3-B-glucan with 1,6 long glucosyl side chain 37
Pullulan Pullularia pullulans 1,4- and 1,6-a-glucan 38
Dextran Leuconostoc dextranium 1,3-branched 1,6-a-glucan 41

“ The primary structure of SPG is as follows:
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® Branching ratio (1,6-glucan/1,3-glucan) of 2/6 for SPG-OH and GRN and 3/6 for SSG.

fungal (1—3)-B-p-glucan that has a 1,6-B-monoglucosyl branch
in every three 1,3-B-glucosyl residues on the main chain (40).
SPG is used clinically in Japan for cervical cancer patients in
combination with irradiation to enhance the immunological
surveillance system (37). It has been reported that SPG aug-
ments the cytokine-related immunomodulating activities of
lymphocytes and myeloid cells in mice (54).

Binding of biotin-conjugated SPG (SPG-biotin) to the dec-
tin 1 transfectant was inhibited by unlabeled (1—3)-B-p-glu-
can, suggesting that there is a specific interaction with the
(1—3)-B-p-glucosyl structure. One or two amino acid residues
of wild-type dectin-1 were replaced with alanine by a PCR-
assisted cDNA mutation procedure. Examination of glucan
binding to dectin 1 mutants revealed that two amino acids,
Trp**! and His**?, are important for this specific interaction. A
neutralizing monoclonal antibody (MAb) for dectin 1 also
failed to interact with the mutant. These critical amino acids
are in the third B-sheet strand of a typical C-type lectin struc-
ture and are quite different from other amino acids necessary
for mannose or galactose interactions. The results of this study
suggest that there is a novel sugar interaction moiety of C-type
lectins on macrophages and DC.

MATERIALS AND METHODS

Polysaccharides. SPG (40), a 1,6-branched 1,3-B-glucan from S. commune that
has a triple-helix conformation, was purchased from Kaken Pharmaceutical Co.
(Tokyo, Japan). Alkali-treated SPG (SPG-OH), which had a single-helix confor-
mation, was prepared by diluting an SPG solution with an equal volume of a 1 M
sodium hydroxide solution, followed by dialysis against phosphate-buffered sa-
line (PBS) (43). Grifolan (GRN) from Grifola frondosa (1) and Sclerotinia scle-
rotiorum glucan (SSG) (45) are also 1,6-branched 1,3-B-glucans. SSG is a water-
soluble highly branched 1,3-B-glucan. Solublized GRN was prepared by heating
GRN at 150°C as described by Ishibashi et al. (31). CSBG is a soluble part of the
NaClO-oxidized cell wall of Candida albicans obtained by dimethyl sulfoxide
extraction and was dialyzed against PBS. CSBG has a (1—3)-B-p-glucan with a
long 1,6-linked glucosyl side chain (44). Pullulan was purchased from Wako Pure
Chemicals (Tokyo, Japan) (26). Curdlan (28), a linear (1—3)-B-p-glucan without
a 1,6-glucosyl branch, was purchased from Wako Pure Chemicals and was dis-

solved in 0.5 M sodium hydroxide, neutralized with 0.5 M HCl, and diluted with
0.05 M Tris-buffered saline (pH 7.2). Laminarin was purchased from Sigma (St.
Louis, Mo.) (46). Dextran T-500 was purchased from Pharmacia (Uppsala,
Sweden) (47). The physicochemical characteristics of the B-glucans and a-glu-
cans used in this study are shown in Table 1.

Preparation of dectin-1 transfectant. Plasmids containing mouse dectin 1
cDNA were amplified by reverse transcriptase PCR from total RNA prepared
from a murine macrophage cell line, RAW264 (RIKEN Cell Bank, Tsukuba,
Japan). The coding region for mouse dectin-1 isoform A was inserted into the
mammalian expression vector p3XFLAG CMV-14 (Sigma). A stable transfectant
was prepared by electroporation of HEK293 (Cell Resource Center for Biomed-
ical Research, Tohoku University, Sendai, Japan) with a linearized expression
vector and was selected from a culture containing Geneticin (Invitrogen). Plas-
mids for single-amino-acid dectin-1 mutants were constructed by PCR-mediated
mutagenesis by using KOD-Plus DNA polymerase (TOYOBO, Osaka, Japan)
and Dpnl nuclease (Roche). The gene encoding wild-type dectin 1 and mutant
c¢DNAs in the p3xFLAG CMV-14 vector were transduced into HEK293 cells
(10° cells/well on six-well plates) by lipofection by using FuGene6 (Roche).

Preparation of SPG-biotin. The 1,6-monoglucosyl-branched (1—3)-B-p-glu-
can SPG (Japanese name, Sonifilan) was purchased from Kaken Pharmaceutical
Co. SPG was originally manufactured from mycelium culture fluids of S. com-
mune, and it is used clinically as a biological response modifier in Japan. SPG-
biotin was prepared as previously described (3). Briefly, SPG was partially pe-
riodate oxidized from its side-branched glucose residues, and the resulting
aldehyde groups were conjugated with biotin hydrazide (Vector Laboratories) by
reductive amination by using sodium cyanoborohydride (Sigma). The biotinyl-
ated SPG (SPG-biotin) was dialyzed against PBS containing 0.05% NaN; and
stored at 4°C until it was used.

Analysis of SPG-biotin binding to transfectants. Dectin-1 transfectants (5 X
10° cells) suspended in 100 pl of 50 mM Tris-buffered saline (pH 7.2) containing
0.5% bovine serum albumin (Sigma) were incubated for 30 min on ice with 50 g
of SPG-biotin per ml and 5 pg of streptavidin-Alexa 488 (Molecular Probes) per
ml. The cells were washed and fixed for 10 min on ice with neutral buffer (pH 7.0)
containing 4% formaldehyde (Nakarai, Kyoto, Japan), and the cells were sub-
jected to fluorescence-activated cell sorting (FACS) analysis with a FACSCalibur
(BD Bioscience). The expression of dectin 1 and mutant molecules on the cell
surface was also monitored by immunochemical staining with anti-FLAG
BIO-M2 MAD (Sigma) and streptavidin-Alexa 488 (Molecular Probes).

Mutation of dectin 1. Forward and reverse mutation oligonucleotide primers
composed of 30 bases (Sigma Genosys, Tokyo, Japan) were designed with the
14th and/or 15th nucleotide residue replacing code Ala. An expression plasmid
vector with wild-type dectin-1 cDNA inserted was replicated by high-fidelity PCR
by using KOD-Plus DNA polymerase (TOYOBO) and a mutation primer. The
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FIG. 1. SPG-biotin can bind to dectin-1-transduced HEK293 cells. (A and B) Non-dectin-1A-transduced cells (A) and dectin-1-transduced cells
(B) were treated with 0, 5, and 100 pg of SPG-biotin per ml. (C) Dose dependence of SPG-biotin binding to dectin-1-transduced cells or control
cells, as shown by the fluorescence means from a FACS analysis. Dectin-1-transduced cells were incubated with various concentrations of
SPG-biotin for 30 min on ice. After preincubation and washing, the amount of SPG-biotin bound to the cells was determined by staining with

streptavidin-Alexa 488 conjugate and using a flow cytometer.

template plasmid in the resultant PCR mixture was incubated for 3 h at 37°C with
Dpnl (Roche) to digest wild-type cDNA. Sense and antisense DNA were mixed
and transformed into Escherichia coli DH5a competent cells. The DNA se-
quence of the plasmid with the mutation was confirmed with a DNA sequencer
(ABI PRISM 310).

Establishment of hybridoma producing an anti-mouse dectin-1 MAb. The
soluble CRD (sCRD) of dectin 1 was obtained from the culture supernatant of
a CHO-dhfr ™~ transfectant (American Type Culture Collection), which was pre-
pared by electroporation with an expression vector containing cDNA coding for
the CRD of dectin 1 and murine dehydrofolate reductase. Freund complete
adjuvant (Difco) and sCRD were emulsified and injected into the footpads of
BALB/c mice (Japan SLC, Hamamatsu, Japan). After the third immunization,
the draining lymph nodes were teased, and lymphocytes were fused with P3
X63.Ag8.653 myeloma (Cell Resource Center for Biomedical Research, Tohoku
University) and cultured with hypoxanthine, aminopterin, and thymidine selec-
tion. An antibody-producing hybridoma was screened by an enzyme-linked im-
munosorbent assay (ELISA) by using 5 pg of sSCRD per ml as a coating antigen.
4B2, a hybridoma clone producing rat immunoglobulin G2a/k (IgG2a/k), was
selected on the basis of the blocking effect of the culture supernatant on the
binding of 5 ug of SPG-biotin per ml and 2,000-fold-diluted streptavidin-conju-
gated peroxidase (Pharmingen) to the sSCRD on an ELISA plate. The epitope
sharing of MAb 4B2 and SPG on dectin 1 was also confirmed by FACS. Briefly,
the FLAG-tagged dectin-1 transfectant was preincubated with 1 mg of SPG per
ml for 30 min on ice, and then 4B2 culture supernatant or anti-FLAG BIO-M2
was added and the preparation was incubated for 30 min on ice. After incubation,
the cells were washed and stained with anti-rat IgG-biotin and streptavidin-Alexa
488. The cells were washed, fixed, and analyzed by FACS as described above. The
binding of 4B2 to the SPG-treated transfectant was significantly decreased.

However, staining with a FLAG antibody was not decreased by pretreatment
with SPG (data not shown).

Reactivity of an anti-dectin-1 MAb with a dectin-1 mutant. Transient trans-
fectants (3 X 10° cells) with mutated dectin 1 on HEK293 cells were incubated
with dectin-1 MAb 4B2 or anti-FLAG BIO-M2 (10 p.g/ml) for 30 min on ice.
After washing, anti-rat IgG-biotin (2.5 wg/ml) for 4B2 staining and streptavidin-
Alexa 488 (5 pg/ml) were added and incubated for 30 min on ice. The cells were
washed, fixed, and subjected to FACS analysis.

Luciferase assays. The plasmids used for transfection were purified by using
an Endo-free plasmid kit (QIAGEN, Chatsworth, Calif.). HEK293 cells were
plated (5 X 10* cells/well) in 48-well plates on the day prior to transfection.
Transfection was performed by using the FuGene6 reagent (Roche) according to
the manufacturer’s recommendations for 48-well plates with 150 ng of DNA per
well. Each DNA mixture consisted of 50 ng of a reporter plasmid mixture and
100 ng of an expression plasmid for Toll-like receptor (TLR2) and dectin 1. The
reporter plasmid mixture consisted of 10 volumes of the pELAM NF-«kB-firefly
luciferase plasmid and 1 volume of plasmid pRL-TK (Promega) as an internal
control for transfection efficiency. The pELAM luciferase vector was a gift from
D. Golenbock (University of Massachusetts, Amherst). The transfection mixture
was added drop-wise to the cells and incubated for 24 h. The culture was grown
in Dulbecco’s modified Eagle’s medium (Sigma) supplemented with 10% fetal
calf serum. At 24 h after transfection, the cells were stimulated with various
stimulants for 6 h. They were then washed once with PBS and lysed by using
passive lysis buffer (Promega). Luciferase activity was measured by using a
dual-luciferase reporter gene assay system (Promega). Cells were lysed in lysis
buffer (100 wl per well), and 20 pl of lysate was used for each assay. The
luciferase assay reagents were added to the lysate with an injector, and the results
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FIG. 2. Binding of SPG-biotin to dectin-1-transduced cells can be inhibited by 1,3-B-glucans. Dectin-1A-transduced HEK293 cells were
pretreated with 1, 10, and 50 pg of SPG per ml (A) or with 100 and 500 g of various competitor glucans per ml (B) for 30 min on ice. After
washing, the cells were treated with 50 pg of SPG-biotin per ml. (A) Amount of SPG binding to the cells, as shown by a histogram of flow cytometry
data. (B) Amount of SPG binding quantitated by flow cytometry and expressed as the mean fluorescence relative to that of an uninhibited control
(100%). The background value (0%) was obtained with nontransduced HEK293 cells treated with 50 pug of SPG-biotin per ml. The data are the
averages of the means of two independent experiments, and the error bars indicate the standard errors of the means.

were immediately read with a luminometer (EG&G Berthold Microlumat Plus).
Data are presented below as means *+ standard deviations for duplicate samples.

RESULTS

Binding of soluble (1—3)-f-p-glucan to dectin-1 transfec-
tant. To test whether the dectin-1 transfectant could bind to
soluble (1—3)-B-p-glucan, the stable dectin-1 transfectant was
incubated with various concentrations of SPG-biotin, and the
binding was analyzed by FACS by using streptavidin-Alexa 488
for fluorescence staining. The dectin-1 transfectant showed
increased fluorescence intensity with a higher concentration of
SPG-biotin (Fig. 1B), and a plateau was reached at a concen-
tration around 70 wg/ml (Fig. 1C); however, control HEK293
cells did not show increased binding of SPG-biotin (Fig. 1A).
This suggests that SPG-biotin does indeed bind to dectin 1 in
a saturation dose-dependent manner.

Specificity of SPG binding to dectin-1. To examine whether
the binding of SPG-biotin to the dectin-1 transfectant involved
specific binding to the (1—3)-B-p-glucan structure, the cells
were pretreated with various polysaccharides and incubated
with SPG-biotin (Table 1). The binding of SPG-biotin was
monitored by FACS as described above. The fluorescence in-
tensity of the cells significantly decreased during coincubation
with laminarin, SPG (Fig. 2A), SPG-OH, GRN, SSG, curdlan,
and CSBG, suggesting that the binding of SPG-biotin was
specific for the (1—3)-B-p-glucosyl linkage (Fig. 2B). However,
preincubation of the transfectant with the a-glucans pullulan
and dextran did not alter the binding of SPG-biotin (Fig. 2B).
Therefore, the data suggest that this binding assay measured
the specific interaction of dectin 1 with (1—3)-B-D-glucans.

Examination of the binding of dectin-1 mutants to SPG. In
human dectin 1, there are several splice variants in the CRD



VoL. 72, 2004 B-GLUCAN BINDING REGION OF DECTIN 1 4163
Cytoplasmic  Trans- Stalk Carbohydrate Recognition Domain
Domain membrane
|
Exon No. 1
I
Amino acid No. 1 34 35 67 68 113 114 163 164 203 204 244
114 120 130 140 150 160
E(ﬁﬁil&] GFBSQSCLPNWIMHGKSCYLESFSGNSWYGSKRHCSQLGAHLLKIDN SKEF
170 180 190 200
E[)szzizml EFTESQTSSHRINAFWIGLSRNQBEGPWEWEDGSAFFE PN
210 220 230 240
ey SEQURNTVEQESLLHNCYWIHGSEVYNQICNTSSYS ICEKEL

FIG. 3. Schematic representation of murine dectin 1A. The residues are numbered beginning with the initial codon. The numbers 114 to 244
in the upper panel indicate positions in the CRD in the complete molecule. The sequence of amino acid residues 114 to 244, which include exons
4,5, and 6 of murine dectin 1A, is shown in the lower panel. Mutations of single amino acid residues by Ala are indicated by shading. The boxed
amino acid residues are the double-amino-acid replacement to Ala mutation (Trp/Ile, Ile/His, and Trp/His).

(58). Only two splice variants, isoforms A and B, can bind
zymosan particles containing -glucans, mannan, and proteins.
As determined by a comparison of the amino acid sequences of
the variants, exons 5 and 6 may be critical for the recognition
of B-glucan. Therefore, we tried to identify the amino acid in
the CRD that is important for glucan binding by replacing a
single amino acid residue, especially around exon 6. The mu-
tated residues used are shown in Fig. 3.

We confirmed that all mutants were expressed on the cell
surface by performing FACS with an anti-FLAG-tag antibody.
Only one mutant, C232A, did not bind to the anti-FLAG
antibody (Fig. 4), implying that the C232 residue is necessary
for consistent expression of the molecule on the cell surface.
The abilities of mutants to bind SPG-biotin were extensively
examined by FACS. As shown in Fig. 4, the W221A or H223A
mutation resulted in less binding to SPG-biotin; however, the
V220A, 1222A, and V224A mutants exhibited binding similar
to that of the wild type. In addition to W221A and H223A, the
W221A-1222A and W221A-H223A double mutants exhibited
no binding to SPG-biotin (Fig. 5). These results indicate that
the Trp?*! or His** residue after the fourth cysteine residue of
the CRD is important for formation of the B-glucan binding
domain.

Reactivity of dectin-1 MAb 4B2 with dectin-1 mutants. The
reactivity of dectin-1 mutants with the neutralizing the anti-
body for murine dectin-1 was also examined by FACS. An
anti-murine dectin-1 MAb, MAb 4B2, was prepared. This an-
tibody was selected from hybridoma clones because of its
blocking effect on the binding of SPG-biotin to the soluble

form of dectin-1 on an ELISA plate. Cytochemical staining of
dectin-1 mutants with 4B2 was verified by FACS. As shown in
Fig. 6, 4B2 staining was prevented by replacing Trp**! with
Ala. 1222A and H223A also resulted in slightly reduced stain-
ing with 4B2. However, other single-amino-acid mutants, in-
cluding the V220A and G224A mutants, did not exhibit re-
duced staining. The W221A-1222A and W221A-H223A double
mutations resulted in no reactivity with 4B2, as expected. In
addition to the reactivities of the double mutants which in-
cluded the W221A residue, the reactivity of an 1222A-H223A
mutant with 4B2 was also diminished (Fig. 6). These results
support the hypothesis that Trp??! and surrounding amino acid
residues are critical for the formation of B-glucan binding sites.

W221A-H223A mutation failed to activate the NF-«B nu-
clear factor in response to zymosan. It has been reported that
coligation of dectin 1 and TLR2 by a yeast cell wall prepara-
tion, zymosan, enhances TLR2-mediated NF-kB activation.
The concurrent stimulation by zymosan through dectin 1 and
TLR2 was reduced by pretreatment with antagonistic soluble
(1—3)-B-p-glucans, and this implied that the dectin-1-medi-
ated recognition of the (1—3)-B-p-glucan moiety in zymosan is
important. To examine the effect of the W221A-H223A muta-
tion in dectin 1 on the TLR2-mediated NF-kB activation by
zymosan, HEK293 cells were transduced with a reporter plas-
mid for NF-kB binding motif-conjugated luciferase cDNA and
with expression vectors containing cDNA encoding murine
TLR2 and the dectin-1 mutant. As shown in Fig. 7, wild-type
dectin-1- and TLR2-transduced cells showed significantly
higher NF-«kB activation than TLR2-transduced cells during
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FIG. 4. Effects of dectin-1 point mutations on binding to SPG-biotin. Mutant dectin 1A cDNA inserted into a FLAG-tagged expression vector was
transiently transduced into HEK293 cells by using FuGene 6. The levels of expression of the FLAG tag in various dectin-1 mutants were monitored by
using anti-FLAG MAD. The cells were also tested for the ability to bind SPG-biotin. The histograms show representative results for single point mutations
for 29 mutants tested in this study. Reproducible results were obtained in three independent experiments. The shaded histograms show the results for
mutations in dectin 1. The open histograms show the results for wild-type dectin 1 (high fluorescence) and the control vector (low fluorescence).
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stimulation with zymosan. However, transduction of the dec-
tin-1 mutant in TLR2-transduced cells did not increase the
NF-«kB activation in response to zymosan. These results sug-
gest that the W221A-H223A mutation functionally affects the
cellular activation by zymosan.

Characteristics of negative dectin-1 mutants. The results
described above indicate that the peptide sequence around
Trp**! is important for ligand binding. This portion of the
molecule is located between the fourth and fifth cysteine res-
idues of the CRD. The amino acid sequence of human dectin
1 is significantly similar to that of mouse dectin 1 (54% identity
and 64% similarity). Sequential amino acid residues, including
the fourth cysteine at positions 219 and 220 of humans and
rhesus monkeys (human Cys*'? and rhesus monkey Cys**°),
human Val**° and rhesus monkey Val**!, human Trp***
rhesus monkey Trp?*?, human Ile**? and rhesus monkey Ile
and human His*** and rhesus monkey His***, are conserved in
both mice and humans or rhesus monkeys (12). Six cysteine
residues are highly conserved in the CRD of C-type lectin (14).
It has been demonstrated that three pairs of cysteine residues
(the first and second residues, the third and sixth residues, and
the fourth and fifth residues) form disulfide bonds (14). In the
case of C-type lectins belonging to the NK receptor gene fam-
ily, such as CD94, NKG2D, and CDG69, the CRD has a series of
secondary structures consisting of B-sheet 0, B-sheet 1, a-helix
1, a-helix 2, B-sheet 2, B-sheet 3, B-sheet 4, and B-sheet 5 (39).
Two of these secondary structures, B-sheets 3 and 4, are be-
tween the fourth and fifth cysteine residues (Fig. 8) (14).
B-Sheets 3 and 4 create double-stranded antiparallel B-sheet

and
223
b

structures and form an interface for major histocompatibility
complex (MHC) class I molecules (39). By superimposing the
amino acid residues of dectin 1 in the sequence of the C-type
lectin NK receptor family, Trp**' should be localized on
B-sheet 3 (Fig. 9). Although X-ray crystallography of dectin 1
has not been performed yet, the putative B-sheet 3 in the CRD
may form a critical ultrastructure for interacting with B-glu-
cans.

DISCUSSION

In this study we demonstrated that dectin 1 can bind soluble
(1—3)-B-D-glucan, and this binding is influenced by replace-
ment of Trp-Ile-His residues around B-sheet 3 following the
fourth cysteine residue in the CRD. Since (1—3)-B-D-glucan is
a major cell wall component of fungi (22, 32, 34), it has been
thought that the host defense system may be equipped with
specific proteins to recognize (1—3)-B-p-glucans (27). Some
(1—3)-B-p-glucan recognition proteins in plants (21, 36), in-
sects (35, 41), and conchostracans (49, 50, 51, 56, 59, 60) have
been identified. B-Glucan recognition proteins from silkworms
(41), earthworms (6), and horseshoe crabs (50) commonly con-
tain a B-glucanase-like domain. However, the recognition moi-
eties of the proteins from silkworms and horseshoe crabs are
composed of about 100 to 130 amino acid residues and are
distinct from the B-glucanase-like domain (41, 50). Further-
more, it has not been determined whether the recognition
moieties have a characteristic amino acid sequence. Thus, the
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FIG. 6. Anti-mouse dectin-1 antibody 4B2 recognizes the glucan binding site of dectin 1. The levels of expression of various dectin-1 mutants
were monitored by using anti-FLAG MAD. The cells were also assessed to determine their reactivities to dectin-1 MAb 4B2. Dectin-1-transduced
cells were incubated with MAb 4B2 for 30 min on ice. After washing, anti-rat IgG-biotin for 4B2 staining and streptavidin-Alexa 488 were added
and incubated for 30 min on ice. The cells were analyzed by flow cytometry after antibody staining. The shaded histograms show the results for
dectin-1 mutants. The open histograms with the black, blue, and green lines show the results for wild-type dectin-1-transduced cells plus 4B2,
control vector-transduced cells plus 4B2, and wild-type dectin-1-transduced cells plus isotype control antibody, respectively.
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FIG. 7. Dectin-1 mutant did not augment TLR2-mediated NF-xB
activation in response to zymosan. HEK293 cells were transfected with
TLR2- and dectin-1 (Dec)-expressing plasmids and an ELAM-1 pro-
moter-conjugated luciferase reporter plasmid and were stimulated
with zymosan, a yeast cell wall preparation, containing 1,3-B-glucan.
NF-kB activation was monitored by the luciferase reporter assay as
described in Materials and Methods. Mutation of Trp?*! and His?* in
the CRD of dectin 1 that resulted in replacement of both residues by
alanine resulted in decreased NF-«kB activation in response to zymo-
san.

recognition sites of these proteins have not been fully eluci-
dated.

Recently, a B-glucan recognition protein, dectin 1, was
found in vertebrates (8, 29, 58). The specificity of dectin 1 for
(1—3)-B-p-glucans is shown by the inhibitory effect of soluble
(1—3)-B-p-glucans on binding to the yeast form of C. albicans
and zymosan from the cell wall of Saccharomyces cerevisiae (8,
9). The results of this study suggest that the binding of a
gel-forming immunostimulatory B-p-glucan, SPG, to dectin 1 is
specific for the (1—3)-B-p-glucosyl linkage (Fig. 2B). SPG
possesses a 1,6-monoglucosyl branch on a (1—3)-B-glucosyl
main chain, which forms a triple-helix conformation in a phys-
iological solution. The conformation is formed by hydrogen
bonding of C-2 hydroxyl groups of main-chain glucosyl resi-
dues. Alkaline treatment of triple-helix (1—3)-B-p-glucans re-
sults in a conformational change in the random coil structure,
and subsequent neutralization results in a single-helix confor-
mation or a partially opened triple-helix conformation (62).
Therefore, the significant differences between the triple- and
single-helix or partially opened conformations include the ac-
cessibility to C-2 hydroxyl groups of the main-chain strand. The
SPG-OH used in this study was prepared by alkaline treatment
and neutralization to form a single-helix conformation. The
inhibitory effect of SPG-OH on the binding of SPG-biotin to
dectin-1-transduced cells was almost identical to that of SPG
(Fig. 2B). This result implies that dectin 1 may not recognize
the C-2 hydroxyl group of the (1—3)-B-p-glucosyl linkage.
Dectin 1 may contact other reactive groups, such as C-4 and
C-6 hydroxyl groups or glucosyl linkages, on the (1—3)-B-
glucosyl main chain.

Many C-type lectins have been identified on DC, and these
lectins are represented by DC-SIGN, dectin 2, langerin,
BCDA-2, DCIR, DLEC, CLEC-1, CLEC-2, and DC-ASGPR
(25). In the CRD of most C-type lectins, the highly conserved
EPN and QPD sequences are essential for recognizing man-
nose- and galactose-containing structures with Ca** depen-
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dence, respectively (13). On the other hand, murine dectin 1
has no Ca®>" dependence for ligand binding and no EPN or
QPD sequences (5). The results obtained in this study suggest
that recognition of 3-p-glucan involves an amino acid sequence
that is distinct from the amino acid sequences of other C-type
lectins. NK cells also possess C-type lectins as NK receptors for
recognizing MHC class I proteins, which are represented by
Ly49A, Ly491, NKG2D, CD69, and CD94 (39). The ultrastruc-
ture of the CRD of NK receptors has been well characterized
by crystallography (Fig. 9) (39). Most of the CRD of NK
receptors exits as disulfide-linked homo- or heterodimers at
the cell surface (7, 33). The CRD subunit associates through
the first B-strand, B0, creating one extended six-strand anti-
parallel B-sheet (Fig. 8) (39). It has been deduced that B-sheet
strands B3 and 4 are located on top of the CRD subunits with
which MHC class I molecules are recognized (Fig. 9) (39).

Gene investigation of human dectin-1 molecules has sug-
gested that there are at least nine splicing variants in humans
(61). Two variants, isoforms A and B, are similar to mouse
dectin 1A and 1B, which lack the stalk region of isoform A (5).
These variants contain an intact CRD that acts as a B-glucan
recognition protein (58). However, isoform C lacking the exon
5 region of isoforms A and B is not able to bind to B-glucans
(58). This finding implies that the exon 5 or 6 region of dectin
1A and 1B may result in a functional polypeptide for recog-
nizing B-glucans. Therefore, in our study we intensively fo-
cused on mutating these two exons, especially exon 6. An Ala
mutation at the Trp*?! and His**® residues affected the inter-
action with SPG (Fig. 4). These amino acid residues may be
located on B-sheet 3, which is encoded in exon 6 of the CRD
(Fig. 8). If the ultrastructure of the CRD in dectin 1 is similar
to that of other C-type lectins, the B-glucan recognition site is
presumably on the top surface of the CRD molecule (Fig. 9).

MADb 4B2 was prepared in this study by screening its inhib-
itory effect on SPG binding to dectin 1. The 4B2 staining of
dectin-1 mutants was also examined by FACS. The reactivity of
MADb 4B2 with dectin-1 mutants with single amino acid re-
placements was reduced by mutation of Trp?*' (Fig. 6). How-
ever, another inactive mutant for SPG binding, the H223A
mutant, remained antigenic for 4B2. The 1222A mutant also
showed significant reactivity for 4B2 staining. An additional
mutant in which Ile**? of the H223A mutant was replaced by
Ala exhibited significantly decreased reactivity with 4B2. These
results suggest that the amino acid side chains of Ile*** and
His*** may not directly contact a complementary determining
region of 4B2 immunoglobulin but may affect the conforma-
tion of the region, including Trp**' of dectin 1.

The binding of a particulate B-glucan preparation resulted in
production of reactive oxygen species by macrophages (2, 23).
It has been reported that dectin-1 ligation with zymosan results
in tyrosine phosphorylation of the receptor’s ITAM-like sig-
naling motif, generating intracellular signals that mediate
phagocytosis and activation of NADPH oxidase (12), which
contributes to microbial death. Furthermore, the concurrent
engagement of dectin 1 enhances TLR2-mediated cell activa-
tion in combination with lipopeptide and a B-glucan-enriched
zymosan derivative (24). As shown in Fig. 7, we also examined
whether mutation of the CRD, especially at W221A-H223A,
affected the cellular activation by zymosan. Mutation of both
Trp**! and His**® of the dectin-1 molecule resulted in a sig-
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FIG. 8. Alignment of the dectin-1 CRD sequence with related C-type lectin CRD sequences. Highly conserved cysteine residues in CRD and
B-glucan binding sites (WIH) in dectin 1 are shaded. Homologous amino acid residues involved in mannose and galactose binding and conserved
amino acid sequences are enclosed in boxes. The arrows show the B-sheet strand structure of C-type lectin NK-receptors. m, mouse; h, human;

MBP-A, mannose binding protein A.

nificant loss of the enhancing effect on TLR2-mediated NF-«B
activation, suggesting that these amino acid residues contribute
to formation of the functional dectin-1 molecule.

In addition to the inflammatory response, dectin 1 binds to
T lymphocytes and augments their mitogenic response by

cross-linking T-cell receptors (5). The binding domain on dec-
tin-1 molecules for T-cell activation has not been clarified,
although it has been confirmed that B-glucan binding does not
interfere with T-cell interactions (58). Recognition of B-glucan
and immunogenic substances from a pathogen by antigen-
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FIG. 9. Typical ultrastructure of the C-type lectin NK-receptor family. The ultrastructures of C-type lectin NK receptors CD69 (Protein Data
Bank identification number, 1FMS5), CD94 (Protein Data Bank identification number, 1B6E), NKG2D (Protein Data Bank identification number,
1IMPU), and Ly491 (Protein Data Bank identification number, 1JA3) were visualized by using the Cn3D software, version 4.1, on the Entrez
structure web server. Antiparallel B-sheets 3 and 4, which are highly conserved in other C-type lectin NK receptors, are located in the apical region
of each molecule (39). Trp**' and His*** in the CRD of dectin 1 were assumed to be on B-sheet 3.

presenting cells such as DC and macrophages may augment
pathogen-specific T-cell activation. Ligation of dectin 1 may
therefore modulate various immunological responses for infec-
tious diseases, not only by activation of innate immunity but
also by antigen-specific acquired immunity. Our results suggest
that the B-glucan binding domain is located around putative
B-sheet 3 in the CRD. Although the crystal structure of the
dectin-1 protein is still unclear, the information obtained in
this study may point the way for exploration of a specific site
for the T-cell interaction, which is a tantalizing problem.
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