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Mincle [macrophage inducible Ca?*-dependent (C-type) lectin;
CLEC4E] and MCL (macrophage C-type lectin; CLEC4D) are recep-
tors for the cord factor TDM (trehalose-6,6’-dimycolate), a unique
glycolipid of mycobacterial cell-surface components, and activate
immune cells to confer adjuvant activity. Although it is known that
receptor-TDM interactions require both sugar and lipid moieties of
TDM, the mechanisms of glycolipid recognition by Mincle and MCL
remain unclear. We here report the crystal structures of Mincle,
MCL, and the Mincle—citric acid complex. The structures revealed
that these receptors are capable of interacting with sugar in
a Ca?*-dependent manner, as observed in other C-type lectins.
However, Mincle and MCL uniquely possess shallow hydrophobic
regions found adjacent to their putative sugar binding sites, which
reasonably locate for recognition of fatty acid moieties of glyco-
lipids. Functional studies using mutant receptors as well as glyco-
lipid ligands support this deduced binding mode. These results
give insight into the molecular mechanism of glycolipid recogni-
tion through C-type lectin receptors, which may provide clues to
rational design for effective adjuvants.

X-ray crystallography | innate immunity | mycobacteria |
pattern-recognition receptors | myeloid cells

Pattern-recognition receptors (PRRs) play important roles in
innate immunity. PRRs recognize nucleotides, sugars, lip-
opolysaccharides, other pathogen components, and self-ligands,
and consequently trigger intracellular signaling cascades that
initiate innate and adaptive immune responses (1). Among them,
Toll-like receptors (TLRs) are well-characterized receptors, in
terms of their ligand specificities, ligand-recognition mecha-
nisms, and signaling pathways (2-4). C-type lectin receptors
(CLRs) are also a large family of PRRs (5-7). The term “C-type
lectin” was introduced to distinguish a group of Ca**-dependent
lectins from other lectins. In the CLRs, two amino acids har-
boring long carbonyl side chains separated by a proline in a cis
conformation coordinate a Ca** ion, which forms hydrogen
bonds with monosaccharides and determines the binding speci-
ficity. CLRs have broad recognition abilities toward not only
saccharides but also proteins (5, 7-9). For instance, human NKR-
P1 interacts with Lectin-like transcript 1, and some members of
the CD94/NKG?2 family interact with HLA-E.

Macrophage inducible C-type lectin (Mincle; also called
CLECA4E) is a type II transmembrane C-type lectin receptor that
is expressed in macrophages, dendritic cells, and monocytes
upon stimulation (10). We have reported that Mincle is an FcRy-
coupled activating receptor that recognizes pathogenic fungi and
mycobacteria (11-13). Detailed investigations of the ligands of
Mincle revealed that Mincle binds glycolipids, such as trehalose-
6,6’-dimycolate (TDM) from Mycobacterium tuberculosis, and
novel glyceroglycolipids from Malassezia fungus. Malassezia and
M. tuberculosis ligands are recognized through the carbohydrate-
recognition domain (CRD) in the extracellular region of Mincle
(11, 12). The binding of TDM to Mincle leads to the phos-
phorylation of the immunoreceptor tyrosine-based activation
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motif (ITAM) in the FcRy chain, which provides a binding site
for the Syk tyrosine kinase. Syk activates the caspase recruit-
ment domain family member 9-mediated NF-kB signaling
pathway to promote the expression of TNF and IL-6. A recent
report revealed that Mincle plays a nonredundant role in T-cell
immune responses to infection by microbes and in the adju-
vanticity of mycobacterial cord factor and its synthetic analog,
trehalose-dibehenate (14, 15).

Macrophage C-type lectin (MCL; also called CLEC4D) is
another C-type lectin receptor expressed in myeloid cells (16,
17). Recently, we found that MCL is also an FcRy-coupled ac-
tivating receptor that binds to TDM (15). MCL is distinct from
Mincle in the following ways: (i) The expression of Mincle is
inducible, whereas MCL is constitutively expressed in myeloid
cells; (ii) MCL shows weaker binding affinity to TDM than does
Mincle; and (i) the glutamic acid-proline-asparagine (EPN)
motif, a typical glucose/mannose-binding motif, is conserved in
Mincle but not in MCL.

We now report the crystal structures of Mincle and MCL, as
well as Mincle complexed with citric acid. They have similar
overall structures to other typical CLRs, but exhibit character-
istic conformations in the vicinity of the Ca**-binding motif. A
patch of hydrophobic amino acids located adjacent to the car-
bohydrate binding site may likely contribute to the recognition of
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the fatty acid chain of TDM. The mutational analysis essentially
supports this TDM-binding model, and may also explain the
different affinities of MCL and Mincle.

Results

Preparation, Crystallization, and Structural Determination of MCL.
The extracellular domain of human MCL (residues 61-215)
(Fig. 1) was expressed in Escherichia coli as inclusion bodies, and
was refolded in vitro by a dilution method. Ca®* ions were re-
quired in the refolding procedure, and the crude, refolded MCL
was purified by sequential gel-filtration chromatography steps
(Fig. S1 A and C). The purified MCL was crystallized by the
hanging-drop method with 0.1 M bis-Tris propane (pH 6.5), 0.2 M
potassium thiocyanate, and 20% (wt/wt) PEG 3350. Crystals of the
MCL protein [the space group was I-centered orthorhombic
(1222), and the unit-cell parameters were a = 85.19 A, b=96.06 A,
¢ = 104.53 A] were obtained, and the dataset was collected to the
resolution limit of 2.2 A at the BL32XU beamline at SPring-8
(Harima, Japan) (Table S1). The crystal structure of MCL has 2
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Fig. 1. Structure-based sequence alignment of Mincle, MCL, DC-SIGNR, and
Dectin-2. The sequence alignment of the ectodomains of Mincle, MCL, DC-
SIGNR, and Dectin-2 (h, human; m, mouse) is shown, as depicted with ESPript
(44). |dentical residues are highlighted in red, and similar residues are
framed in blue. The secondary structure elements (o, o-helix; g, p-strand; T,
turn) of Mincle and MCL are shown above the sequences. The box enclosed
by the thick black line indicates EPN motifs, which are usually involved in
carbohydrate recognition by C-type lectins. The box enclosed by the thick
blue line indicates hydrophobic amino acid loops, and yellow-shaded amino
acid residues are hydrophobic residues within Mincle and MCL. The asterisks
below the sequences indicate the residues involved in calcium binding in
Mincle and MCL. The red-filled circles below the sequences indicate the
residues changed to other amino acid residues in the mutational studies. The
numbers below the cysteine residues indicate disulfide-bond formation with
the cysteine residue with the same number.
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a-helices (a1 and o2) and 11 p-strands (f1-p11) (Fig. 24), which
is a typical structural organization of CLRs and partly similar
to the solution structure of MCL registered in the Protein Data
Bank (PDB) (ID code 2LS8) (Fig. S1E). Two MCL molecules
exist in the asymmetric unit. Gel-filtration analysis showed a
mixture of the peaks (Fig. S14), suggesting that MCL may have
some conformational variation.

Preparation, Crystallization, and Structural Determination of Mincle.
Using a similar refolding method to that for MCL, we also
prepared the extracellular domain of Mincle (residues 74-219)
(Fig. 1). The expression, refolding, and purification were suc-
cessful. However, the crystallization was not successful, because
the refolded Mincle was not sufficiently soluble at high concen-
trations. To improve the protein solubility, we performed site-
directed mutagenesis and changed the hydrophobic amino acids
presumably located on the surface of the Mincle protein to hy-
drophilic amino acids, as found in the corresponding residues
of MCL. Among them, the mutant with the substitution of iso-
leucine to lysine at residue 99 (I99K mutant) formed good
crystals by the hanging-drop method under two conditions. One
is 1 M lithium chloride, 0.1 M citric acid (pH 4), and 20% (wt/vol)
PEG 6000, and the other is 0.2 M NH4SOy, 0.1 M bis-Tris (pH
5.5), 25% (wt/vol) PEG 3350. These diffraction data were col-
lected to the resolution limit of 1.3 and 1.35 A at the BL5A and
BL17A beamlines at High Energy Accelerator Research Orga-
nization (KEK) (Tsukuba, Japan), respectively. Both crystals
have the same space group, primitive trigonal systems (P3,), and
similar unit-cell parameters (Table S1). Mincle exhibits a typical
CLR fold, as shown in Fig. 2B. The asymmetric unit contained
one molecule of Mincle, and no physiologically important packing
was detected. This is consistent with the gel-filtration analysis
showing that Mincle behaves as a monomer, although the eluted
time is later than the expected one, likely due to the affinity of
Mincle to the glucose-based dextran resin of the Superdex column
(Fig. S1 B and D).

Structural Comparison Between Mincle, MCL, and Other C-Type Lectins.
MCL and Mincle superimposed well on each other [root-mean-
square deviation (rmsd) 1.5 A for 124 Ca atoms] (Fig. 2.4 and B
and Fig. S2B). However, Mincle has two calcium ions, whereas
MCL has only one. A DALI analysis (18) indicated that MCL
and Mincle share high homology with mouse collectin (PDB ID
code 20X9) Jrmsd of 1.3 A for 120 Co atoms, 28% identity
(MCL); 1.07 A for 118 Cu atoms, 35% identity (Mincle)] (19) and
DC-SIGNR (PDB ID code 1K9J) [rmsd of 1.7 A for 114 Ca
atoms, 37% identity (MCL); 1.3 A for 121 Ca atoms, 45% identity
(Mincle)], which has been extensively studied as an entry receptor
of HIV (20, 21). Because collectin recognizes fucose-based
oligosaccharides, rather than glucose- or mannose-based ones, we
chose to compare the structural features of MCL, Mincle, and DC-
SIGNR (Fig. 2 C and D). The entire structures and positions of the
amino acid residues in the putative CRD are similar. Specifically,
the positions of the Ca®* ions (site 1) are the same among the
three proteins. The EPN motif (residues 169-171 in Mincle) is
often observed in C-type lectins, and contributes to carbohydrate
recognition via a Ca®* ion-mediated binding network (Fig. 34 and
B). In contrast, the glutamic acid-proline-aspartic acid (EPD)
motif of MCL (residues 173—175) is an unusual sequence among
C-type lectins (6) (Fig. 1). However, the Ca*" ion and other amino
acids involved in carbohydrate recognition are located in this re-
gion, as in other C-type lectins (Figs. 2 and 3 A-C). These results
indicated that Mincle and MCL recognize carbohydrates through
these motifs in slightly different but similar ways.

The regions surrounding the Ca®*-bound sites in MCL and
Mincle are distinctly different from those in DC-SIGNR. In
DC-SIGNR, two additional bound Ca?* ions are observed close to
the site (red, 2 and 3) (Fig. 2C), and they stabilize the typical pro-
tein conformation of the C-type lectins (6). The Ca** (site 2 and 3)
ions push the loop (residues 312-317) close to the Ca** (site 1)
ion (Fig. 2D, red dotted oval). In contrast, the corresponding
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Fig. 2. Structures of MCL and Mincle, and structural comparison with DC-
SIGNR. (A and B) Cartoon models of the overall structures of MCL (A) and
Mincle (B). Secondary structure elements are shown. Gradient rainbow color
from blue to red indicates N- to C-terminal. The yellow and cyan spheres
represent Ca%* jons in MCL and Mincle, respectively. (C and D) Overall
structures (C) and putative ligand binding sites (D) of MCL (yellow), Mincle
(cyan), and DC-SIGNR (pink) are shown. (D) Close-up view of the black box in
- " C. Yellow, blue, and pink spheres represent Ca®* ions in Mincle, MCL, and
DC-SIGNR, respectively. The red dotted oval indicates the large structural
differences of loops among these CLRs (Results).

loops in MCL and Mincle are located far from the Ca®™ (site 1)
ion. The asparagine/aspartate residues just following the EPD/
EPN sequences are conserved (Fig. 1). The directions of the
asparagines in MCL (residue 176) and Mincle (residue 172) are
different from those in other CLRs, such as DC-SIGNR (Fig. 3
A-C). The asparagine in DC-SIGNR is used to bind the Ca**
(site 2) ion, and therefore the side chain faces the opposite
direction of the Ca** (site 1) ion. In contrast, neither Mincle
nor MCL coordinates Ca®* (site 2 and 3) ions, and their as-
paragine side chains extend in different directions compared with
other C-type lectins.

Calcium Binding and Ligand Recognition. In the crystals of Mincle
grown in 1 M lithium chloride, 0.1 M citric acid (pH 4), and 20%
(wt/vol) PEG 6000, a strong electron density in addition to that
of the Mincle protein was observed close to the Ca** (site 1) ion
and matched a citric acid molecule (Fig. 3D). The superimpo-
sition of the amino acids in the Ca?* ion-binding regions of the
ligand complex structures of Mincle and DC-SIGNR revealed
the well-conserved locations of the oxygen atoms of the ligands
citrate and mannose (equatorial 3- and 4-OH groups), re-
spectively (Fig. 3E). Because the chemical property of the sugar
moiety is different from citric acid, we cannot simply compare
the recognition modes, but these data may support the idea that
Mincle can use this Ca?* ion to bind nucleophiles for the sugar
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moieties of TDM and Malassezia ligands, in essentially the same
manner as generally observed in CLRs including DC-SIGNR.

The calcium binding site in human and mouse Mincle includes
the EPN motif, well-conserved in the mannose-recognizing C-type
lectins, as described above. We examined whether the EPN motif
in Mincle is involved in direct TDM recognition using soluble
Mincle protein (Mincle-Ig). Mincle-Ig (Mincle"™"), but not con-
trol Ig, selectively bound to plate-coated TDM, as previously
reported (11, 12). This recognition was shown to require the EPN
motif, as the binding was eliminated by introducing a mutation of
EPN into glutamine-proline-aspartic acid (QPD), a putative
galactose-recognition sequence (Mincle ") (22). Substitution
of the EPN motif into MCL-type EPD (Mincle®*P) also im-
paired the binding capacity, although their reactivities to anti-
hlgG were comparable (Fig. 3F and Fig. S34). These data sug-
gested that EPN in human Mincle is indispensable for TDM
recognition, as previously shown in mouse Mincle (11, 12). In
contrast, the direct binding of MCL to TDM was much weaker
than that of Mincle (Fig. 3G), consistent a the previous report
that MCL recognizes TDM with less affinity than Mincle (15).
Mutation of the EPD sequence of MCL into QPD (MCL®P) did
not have a large impact on TDM binding in higher concen-
trations. Unexpectedly, however, the EPD-to-EPN mutation in
MCL, which was expected to coordinate the Ca** ion location well
and facilitate carbohydrate binding, did not improve the affinity
for TDM (Fig. 3G). These results suggested that the TDM binding
site of MCL might be distinct from that used by Mincle. Fur-
thermore, the side chain of Argl83 in Mincle is in a suitable po-
sition to interact with the hydroxyl groups of TDM, based on the
crystal structure of Mincle (23) (Fig. 44). This arginine residue of
Mincle is well-conserved from fish to mammals. In contrast, the
valine (Vall86) at the corresponding position of human MCL is
conserved among placentalia; however, its side chain cannot reach
the putative carbohydrate recognition site (Fig. 4B). To verify the
role of Argl83 in TDM recognition, we introduced the R183V
mutation into Mincle and tested its function in an NFAT-GFP
reporter assay. This mutation reduced NFAT-GFP activity in the
reporter cell assay, suggesting that Argl83 of Mincle is crucially in-
volved in ligand recognition (Fig. 4C).

Taken together, these results strongly suggested that the binding
mode of the two OH groups of citric acid to Ca®" reflects the
equatorial 3- and 4-OH groups of mannose and glucose of Mincle/
MCL ligands in a similar but slightly different manner from the
CLRs (6).

Putative Lipid Recognition Sites. To determine whether Mincle and
MCL use unique amino acids for their interactions with the lipid
regions of glycolipids, we verified the characteristics of the surfa-
ces surrounding the putative sites for Ca®*-mediated sugar bind-
ing. A series of hydrophobic regions was specifically found in
Mincle and MCL but not in other C-type lectins in the vicinity of
the putative sugar binding sites (dotted circles in Fig. 4 A and B,
yellow surfaces in Fig. 4 D-F, and yellow-shaded amino acid res-
idues in the box enclosed in blue in Fig. 1). The regions are
composed of Vall95, Thr196, Phe198, Leul99, Tyr201, and
Phe202 in Mincle, and Vall97, Pro198, and Phe201 in MCL.
Mincle has larger hydrophobic areas than MCL, whereas DC-
SIGNR has only a much smaller one than both Mincle and MCL
(Fig. 4 D-F). If the trehalose part of TDM is placed on the sugar
binding site of Mincle, as in the binding mode of mannose to DC-
SIGNR, then the mycolic acid attached to the 6-O of the glucose of
TDM (Fig. 4 A and B, red arrows) is oriented toward the hydro-
phobic regions of Mincle and MCL, as described above. To in-
vestigate whether the hydrophobic region of Mincle contributes to
the recognition of TDM, Ala substitutions of both Phe198 and
Leu199 in this region were introduced in reporter cells express-
ing Mincle (Fig. 4C). The cells expressing the Mincle™ 8411994
mutant exhibited reduced NFAT activity in response to TDM.
Moreover, we replaced the hydrophobic region of Mincle (residues
195-202) with the corresponding region of another CLR, Dectin-2
(residues 192-199), which lacks the hydrophobic residues (24, 25).
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Fig. 3. Structural comparison of the putative ligand binding sites in MCL,

Mincle, and DC-SIGNR, and in vitro binding assays of the Mincle and MCL
mutants. (A-C) Close-up views of the putative ligand binding sites of MCL
(yellow) (A), Mincle (cyan) (B), and DC-SIGNR (pink) (C) are shown. The amino
acid residues involved in and close to Ca®* ion binding are shown as stick
models. Interactions with Ca®* ions are shown as black dotted lines. (D)
Composite omit map (2F, — F) for citric acid in Mincle. The electron-density
map is contoured at 1.0, and the resolution is 1.3 A. The citric acid is shown
with the O atoms colored red and the C atoms in green. Putative amino acids
involved in Ca?* binding are depicted by sticks. (E) The superimposed
structures of Mincle (cyan; same as D) and DC-SIGNR (pink) are shown. The
stick model indicates the mannose (the O atoms are colored red and the C
atoms are in pink) in the DC-SIGNR complex. (F and G) Mincle-Ig, mutated
Mincle-Ig, or higG (F) and MCL-lg, mutated MCL-Igs, or higG (G) were in-
cubated with plate-coated TDM. Bound proteins were detected by anti-
hlgG-HRP. Error bars indicate + standard deviation of three independent
experiments.

The reporter cells expressing this Mincle—Dectin-2 chimeric mole-
cule (MincleMPMmeray (Fig. S4) still retained activity against
the anti-Mincle mAb 13D10-H11 (Fig. S3C), which recognizes the
conformational epitope on Mincle (Fig. S3D), indicating that the
mutation as well as other mutations in this study did not have re-
markable effects on overall protein folding and stabllltlg on the cell
surface. However, the TDM recognition of MincleMPehimera
severely compromised (Fig. 4C). As described above, the O atom
of the corresponding residue Asn172 just following the EPN motif
in Mincle does not face the Ca®" ion, which is an unusual type of
Ca coordination among C-type lectins (Fig. 3 4 and B). Instead,
the N§ atom of Asn172 forms a hydrogen bond with the O3 atom
of Thr196 of the hydrophobic patch (Fig. 4A2 The reporter
cells expressing the mutant Mincle (Mincle™'"??), which has
only one additional methylene group, showed reduced NFAT-
GFP activity (Fig. 4C). This result may suggest that the N172Q
mutation indirectly influences the hydrophobicity of the putative
lipid-binding patch via the side chain of Thr196.

To further examine the effect of a set of acyl chains, we per-
formed surface plasmon resonance (SPR) binding assays using
a set of trehalose-based glycolipids, which have a single acyl chain
with different carbon lengths (C8, C10, C12). These glycolipids
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have a single and short tail, and thus are expected to be water-
soluble while retaining ligand activity. The single acyl chains with
trehalose (C10 and C12) bound to Mincle (Fig. 4G and Fig. S5).
The affinity of C8 to Mincle is much lower than those of C10 and
C12 (Fig. 4G). The crystal structure clearly indicated that the 10-
carbon acyl chain with trehalose is reasonably accommodated
within the hydrophobic portion in Mincle (Fig. S6).

Discussion

We have determined the crystal structures of the ectodomains of
Mincle and MCL, which confirmed that the overall structures of
Mincle and MCL are similar to those of other CLRs. Further-
more, we have also solved the crystal structure of Mincle complexed
with citric acid, which revealed that the binding mode to citric
acid essentially resembles that of glucose/mannose recognition
by typical CLRs. We further performed competition binding of
glycolipids with citric acid as in Fig. S7, clearly showing that citric
acid inhibits glycolipid binding to Mincle, whereas acetic acid
does not. Notably, another mannose-binding C-type lectin,
codakine, bound similar positions of oxygens of glycerol and
glycan in a Ca*" ion-mediated manner (26). Citric acid is likely
accommodated at this position to block the ligands, and hgdroxyl
groups are likely used following the coordination of Ca“* ions
generally observed in CLRs.

Glycolipids play pivotal roles in innate immunity, as exempli-
fied by the functions of CD1-mediated natural killer T (NKT)
cells (27, 28). CD1 family molecules display a variety of glyco-
lipids toward semi-invariant NKT cell receptors to activate NKT
cells. Structural analyses of CD1 family proteins have revealed
that the lipid parts of glycolipids are deeply accommodated in-
side the hydrophobic cores of the proteins (29, 30), and thus only
the sugar moieties are exposed for recognition by NKT cell
receptors (Fig. S6). On the other hand, our present study showed
that the putative TDM binding sites of Mincle and MCL include
hydrophobic loops uniquely found in Mincle and MCL, which
distinguish them from other C-type lectins (Fig. 4 4, B, and
D-F). These loops form shallow hydrophobic patches extending
from the corresponding position of the 6-OH of glucose in the
structure of the mannose complex of DC-SIGNR, which is at-
tached to mycolic acid in the case of TDM (Fig. S6). The mu-
tational study suggested that these CLRs directly recognize the
acyl groups of the glycolipid TDM using this shallow hydrophobic
region, which is close to the Ca®* binding site (Fig. 4 D and E).
Notably, the SPR binding study using a set of glycolipids clearly
showed that the single acyl chain is sufficient for Mincle binding.
In addition, importantly, at least a C10 length of the lipid moiety is
required (Fig. 4G). These observations might suggest that Mincle
recognizes only the sugar-proximal part of the acyl chain of gly-
colipids. The hydrophobic patch branches out from the potential
sugar binding site (downward and to right in Fig. 4D and Fig. S6).
These might the sites accommodating the branched acyl chains in
mycolic acids, such as TDM and trehalose monomycolate (TMM)
(11). The recently discovered ligands of Mincle, which also have
branched acyl chains, may interact similarly with TMM and TDM
(13). Therefore, the recognition of glycolipids by Mincle and
presumably MCL seems to be significantly distinct from those
of lipid-recognition proteins, such as CD1 and the Toll-like
receptor 4-MD2 complex, which have deep hydrophobic grooves
to accommodate the acyl moieties of glycolipids (Fig. S6). Thus,
a minimum acyl-chain length is required for glycolipid recognition
by CLRs. The unique modes of CLR-glycolipid recognition would
be advantageous for host defense responses, because they may
allow receptors to recognize these bipolar ligands even within
a microbial cell wall or in the micellar form in aqueous solution.
Future study of cocrystallization with glycolipids harboring short
branched acyl chains, which might have increased binding affinity,
would elucidate the lipid-binding modes.

The production of NO and IL-6 by bone marrow-derived
macrophages (BMMg), which express Mincle and MCL, was
reportedly changed by stimulation with several lengths of acyl
chains, revealing the importance of acyl-chain length (31). Fungal

PNAS | October 22,2013 | vol. 110 | no.43 | 17441

IMMUNOLOGY


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1312649110/-/DCSupplemental/pnas.201312649SI.pdf?targetid=nameddest=SF4
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1312649110/-/DCSupplemental/pnas.201312649SI.pdf?targetid=nameddest=SF3
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1312649110/-/DCSupplemental/pnas.201312649SI.pdf?targetid=nameddest=SF3
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1312649110/-/DCSupplemental/pnas.201312649SI.pdf?targetid=nameddest=SF5
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1312649110/-/DCSupplemental/pnas.201312649SI.pdf?targetid=nameddest=SF6
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1312649110/-/DCSupplemental/pnas.201312649SI.pdf?targetid=nameddest=SF7
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1312649110/-/DCSupplemental/pnas.201312649SI.pdf?targetid=nameddest=SF6
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1312649110/-/DCSupplemental/pnas.201312649SI.pdf?targetid=nameddest=SF6
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1312649110/-/DCSupplemental/pnas.201312649SI.pdf?targetid=nameddest=SF6
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1312649110/-/DCSupplemental/pnas.201312649SI.pdf?targetid=nameddest=SF6

L T

\

BN AS  DNAS P

Amino acid number 195 203 G
hMincle VTCFLNYFR ‘
hDectin-2 VICETRRNS S et
C M C12 0 WRNE C10 2 c8

60 oo
50 00.1 ng/well

§ i W 1.0 ng/well

(U]

£ 30 2

z

< _Nad

trehalose
0 10 20 30 50

concentration (uM)

Fig. 4. Unique amino acid residues in MCL and Mincle, reporter assays of
mutant Mincle, and SPR analysis. (A and B) The superimposed structures of
Mincle (cyan) and DC-SIGNR (A) and MCL (yellow) and DC-SIGNR (pink) (B)
are shown. Arrows indicate the oxygen atom connected with mycolic acid in
TDM (mannose binding to DC-SIGNR is shown). Dotted circles indicate the
hydrophobic loops found in Mincle and MCL. A sequence comparison be-
tween human Mincle and Dectin-2 is shown. (C) Analyses of Mincle and its
mutants were performed. Reporter cells expressing human Mincle or its
mutants were stimulated with TDM for 18 h. Error bar indicates + standard
deviation of three independent experiments. (D-F) Electrostatic potentials
of Mincle (D), MCL (E), and DC-SIGNR (F) are shown. Electrostatic surface
potentials were calculated using the program APBS (45) and are represented
by PyMOL (www.pymol.org), with the color of the surface potentials in the
scale ranging from negatively charged (4.0 kbT/ec; red) to positively charged
amino acids (4.0 kbT/ec; blue). Black spheres are Ca** ions. The yellow surface
indicates the hydrophobic site. (G) SPR analysis of Mincle and several lengths of
acyl chains with trehalose was performed. The C12, C10, and C8 glycolipids
used in this experiment are shown. RU, response units.

glycolipids, recently identified as Mincle ligands, have more com-
plicated and branched lipid moieties. The structural and func-
tional data presented here showed that Mincle and MCL
probably require an acyl chain longer than 10 carbons for gly-
colipid recognition, thus clearly providing important clues for the
design of better adjuvants than TDM.

The present study indicated that Mincle has a higher affinity
for TDM than MCL, which is consistent with our in vitro binding
study (Fig. 3 F and G). The crystal structures of MCL and Mincle
clearly revealed that MCL has a smaller hydrophobic patch next
to the putative Ca®*-mediated sugar binding site compared with
that in Mincle. The different sizes of these hydrophobic sites
might explain the affinity differences of the two CLRs observed
in the binding data.

Typical CLRs that simply recognize sugars, such as DC-
SIGNR and CEL-1V, exhibit remarkably low affinities (K4 ~mM)
(32, 33). They require multiple valencies of sugar ligands to
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mediate signaling. However, SPR analysis revealed that Mincle
seemed to show higher affinity, suggesting that it can detect
small numbers of glycolipids on fungal surfaces. On the other
hand, MCL showed much lower affinity than Mincle but es-
sentially the same ligand specificity. It is plausible that MCL-
mediated signaling requires multiple valencies of glycolipid
ligands. Therefore, Mincle and MCL may play distinct roles in
physiological events.

CLRs often form homodimers or heterodimers on the cell
surface. As described above, the multivalent ligands on the bac-
terial surface likely induce the multimerization of CLRs (either
monomeric or dimeric structures), which may mediate efficient
signaling. The recent report by Lobato-Pascual et al. demonstrated
that Mincle and MCL form a disulfide-linked heterodimer asso-
ciated with the FcRy chain (34). The heterodimeric complex
formation between Mincle and MCL through the N-terminal
B-strand and/or stalk regions, as previously reported for maltose-
binding protein (35), for efficient recognition/signaling would be
an intriguing issue to be addressed.

Materials and Methods
Plasmid Construction. E. coli expression plasmids encoding the partial ex-
tracellular domain of human Mincle (residues 74-219), pET22-Mincle, and
the extracellular domain (residues 61-215) of human MCL, pET22-MCL, were
constructed (details are available in S/ Materials and Methods) (36).

To improve the solubility and crystallization of Mincle, we synthesized,
purified, and crystallized several mutated Mincle proteins. Among them, the
199K mutant was produced with a high yield and generated good crystals.

Preparation of Recombinant Proteins. pET22-Mincle, pET22-Mincle 199K, and
pET22-MCL plasmids were transformed into E. coli strain BL21(DE3) pLysS,
and the protein was obtained as inclusion bodies. The protein was solubi-
lized in a buffer containing 6 M guanidine-HCl, 50 mM MES (pH 6.5), 100 mM
NaCl, and 10 mM EDTA for 12 h at 4 °C. One hour after the addition of DTT
(10 mM), the solubilized proteins were slowly diluted into 1 L of buffer
containing 0.1 M Tris-HCl (pH 8.5), 1 M r-arginine, 2 mM EDTA, 6.3 mM
cystamine, 3.7 mM cysteamine, and 0.1 mM phenylmethylsulfonyl fluoride.
The refolding mixture was purified by gel-filtration chromatography. The
buffer was finally exchanged to 20 mM Tris-HCI (pH 8.0), with 5 mM CaCl,
for crystallization.

Crystallization and Structure Determination. Crystals of purified Mincle 199K
and MCL were grown at 20 °C [reservoir solutions: 1 M lithium chloride, 0.1 M
citric acid, pH 4, 20% (wt/vol) PEG 6000, and 0.1 M bis-Tris propane, pH 6.5,
0.2 M potassium thiocyanate, 20% (wt/wt) PEG 3350, respectively] by the
hanging-drop vapor-diffusion method. Crystals were equilibrated in a cryo-
protectant consisting of reservoir solution supplemented with 16% (vol/vol)
glycerol. X-ray data were collected on beamlines BL32XU in SPring-8 and
BL5A in KEK. The data were processed with HKL2000 (37) or XDS (38). The
structure was solved by molecular replacement with Phaser (39), using
CD69 as the search model (PDB ID code 1FM5). Several rounds of model
building in Coot (40) and refinement in PHENIX (41) were performed. The
final refinement statistics are provided in Table S1. The coordinates for the
refined Mincle, Mincle-citrate complex, and MCL structures have been
deposited in the Protein Data Bank (ID codes 3WH3, 3WH2, and 3WHD,
respectively).

Binding Assay Using lg-Fusion Proteins. The MCL-Ig and Mincle-lg fusion
proteins were prepared as described previously. Briefly, the C terminus of
the extracellular domain of human MCL (residues 42-215), human Mincle
(residues 46-219), or their mutants was fused to the N terminus of the higG1
Fc region. The Ig-fusion proteins were incubated with 0.2 pg per well of
plate-coated TDM or plate-coated anti-human IgG, and the bound proteins
were detected by using HRP-labeled anti-human IgG.

Reporter Assay. Reporter cells were prepared as described previously (11, 36).
Briefly, 2B4-NFAT-GFP reporter cells were transfected with FcRy, together
with Mincle and the mutants. The reporter cells were stimulated with
various concentrations of plate-coated TDM or anti-human Mincle anti-
body (13D10-H11). The activation of NFAT-GFP was monitored by flow
cytometry.
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SPR Analysis. SPR analysis was performed similarly as described previously for
other cell-surface receptors (42). Briefly, Mincle and MCL were each dissolved
in 10 mM sodium acetate (pH 4) containing 5 mM CaCl,. SPR experiments
were performed with a BlAcore T3000 (GE Healthcare). All of the proteins
were covalently immobilized on a CM5 sensor chip by amine coupling (GE
Healthcare). f2-Microglobuline was used as a negative control protein. All
glycolipids (C12, C10, and C8), and trehalose as a negative control, were
injected in 10 mM Hepes (pH 7.4) containing 150 mM NaCl and 5 mM CaCl,
with or without 5% (vol/vol) dimethyl sulfoxide. The data were analyzed
using BlAevaluation software, version 4.1 (GE Healthcare).
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Note Added in Proof. While this paper was under revision, Feinberg et al. (43)
reported the crystal structure of bovine Mincle complexed with trehalose,
whose binding mode is similar to that of human Mincle for glycolipids we
proposed here.
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