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Importance of receptor geometry for initiation of signalling by the mincle family of 
glycan-binding receptors 

 

Mincle family receptors bind oligosaccharide ligands through extracellular carbohydrate-

recognition domains (CRDs) and initiate intracellular signalling by interacting with the common 

Fc receptor γ subunit (FcRγ). Mincle and dectin-2 stimulate macrophages in response to 

pathogen binding, while blood dendritic cell antigen 2 (BDCA-2) modulates cytokine production. 

The oligomeric states of these mincle family receptors and the orientations of their CRDs have 

been investigated to elucidate how extracellular ligand binding initiates cytosolic signalling. 

Chemical crosslinking and introduction and deletion of cysteine residues have been used to 

show that dimers of mincle in transfected mammalian cells are stabilized by disulfide bonds 

between cysteine residues in the neck sequence that links the CRD to the membrane. BDCA-

2 forms noncovalent dimers in the absence of a neck-region cysteine residue, although a 

naturally occurring variant can form an interchain disulfide bond. Cysteine residues in the 

transmembrane portions of these receptors do not form disulfide bonds and are not required 

for dimer formation or association with FcRγ, but may facilitate trafficking to the cell surface. 

To investigate how CRDs are positioned in receptor dimers, bacterial expression systems were 

developed to produce extracellular domain dimers. Fusion to N-terminal dimerization domains 

in place of the transmembrane domain was used to improve dimerization efficiency. This 

approach was used to create disulfide-linked mincle extracellular domain dimers and 

noncovalently linked extracellular domain dimers of dectin-2 and BDCA-2. Analysis of these 

constructs, as well as existing crystal structures of the CRDs from these proteins and extended 

versions of the extracellular domain of BDCA-2, showed that there is only limited interaction of 

the CRDs in the dimers, but interactions can be stabilized by the presence of the neck region. 

The resulting orientation of sugar-binding sites in the dimers would favour crosslinking of 

multiple dimers by oligosaccharide ligands, causing clustering of FcRγ to initiate signalling. 
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Chapter 1 | Introduction 
The receptors investigated in this thesis initiate transmembrane signalling following binding of 

sugar ligands. As background for the experimental work described in subsequent chapters, 

the four sections of this chapter introduce the structures and functions of sugar-binding 

receptors, general mechanisms for transmission of signalling information across membranes, 

the role of transmembrane adaptor proteins in signalling, and the specific family of sugar-

binding receptors being investigated. 

 
1.1 Glycan recognition 
 Sugars mediate a wide range of important cellular functions, typically on the cell surface. 

These roles depend on the presence of specific combinations of monosaccharide units. The 

resulting oligosaccharides, attached to proteins or lipids, are referred to as glycans. Many of 

the functions of glycans involve recognition by glycan-binding receptors known as lectins. In 

mammals, lectins can interact with both endogenous glycans and with sugars on the surfaces 

of micro-organisms. 

 

Recognition of self-glycans 
 Critical cellular processes such as cell-cell adhesion, glycoprotein clearance, and 

signalling, rely on recognition of endogenous glycans. The best characterized example of cell 

adhesion resulting from glycan-lectin interactions arises from the selectin family. On the 

surface of endothelial cells, selectins recognize sialyl-Lewisx tetrasaccharides (Neu5Acα2-

3Galβ1-4(Fucα1-3)GlcNAc) on leukocytes, which mediates the initial rolling of leukocytes 

along the endothelial surface. This rolling causes leukocytes to slow down, and the glycan-

selectin interaction is then replaced by stronger integrin-mediated interactions that allow 

leukocyte extravasation into the underlying tissue (Zarbock et al., 2011). 

 Endocytic receptors that mediate uptake and degradation of glycoproteins contribute to 

selective clearance of glycoproteins from the blood. For example, the asialoglycoprotein 

receptor expressed by liver cells binds to exposed galactose residues on circulating 

glycoproteins after the terminal sialic acids are removed. This binding results in uptake and 

degradation of these glycoproteins and is important for the turnover of serum glycoproteins 

(Yang et al., 2015). A clearance function is also observed with the mannose receptor, which 

binds to sulphated N-galactosamine on pituitary hormones and results in rapid uptake of the 

hormone by liver cells (Fiete et al., 1998). 

 Signalling in response to self-glycans has been observed in receptors across different 

structural groups. Well-established models include the siglecs, which contain an extracellular 

domain that binds to sialylated structures that are rare in microbes but common to higher 

vertebrates as well as an intracellular tyrosine-based inhibitory motif that signals to dampen B 
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cell immune response. Such signalling is required to induce tolerance towards self-antigens 

(Jellusova and Nitschke, 2010). In the case of the galectins, which do not anchor to the cell 

membrane themselves, a different model of lectin interference with immune response has 

been described. For example, galectin-1 crosslinks properly glycosylated CD45 on the surface 

of T cells and inhibits the phosphatase function of intracellular domain of CD45, resulting in T 

cell death (Thiemann and Baum, 2016). 

 

Innate immunity 
 Differences in the glycosylation patterns characterizing the surface of host cells and 

microbes has formed the basis for recognition of pathogenic glycans by host glycan-binding 

proteins, which leads to innate immunity. For example, serum mannose-binding protein and 

ficolins, which circulate in the blood, can bind to mannose or GlcNAc that often coats 

pathogens and initiate the complement cascade (Matsushita et al., 2000). Other lectins found 

on the surface of dendritic cells and macrophages, such as the mannose receptor, can mediate 

internalization and destruction of pathogens, while some receptors, such as dectin-1, initiate 

production of reactive oxygen species and upregulation of genes involved in innate immune 

responses (Brown, 2006). 

 

Classification of lectins based on mechanism 
 Mammalian lectins fall into multiple classes defined by the structure of carbohydrate-

recognition domains (CRD) that mediate the sugar-binding activity of each protein. Based on 

similarity in primary structures and tertiary polypeptide folds, CRDs can be grouped into 

evolutionarily related families. Amongst the 13 or more families of animal lectins, C-type lectins 

represent the largest and most diverse lectin family in animals. Although the specificity for 

sugars varies among the family members, a nearly invariant feature of the C-type lectins is a 

Ca2+-binding pocket found in the primary sugar-binding site (Ng et al., 2002) (Fig. 1.1). The 

Ca2+ stabilizes the local conformation of the CRD and forms coordination bonds with key 

hydroxyl groups on the sugar (Weis et al., 1998). There are outliers to this rule, however. For 

example, the CRD of dectin-1 lacks a Ca2+-binding site, but it is still classified as a C-type lectin 

because the sequence of its CRD shows a high degree of identity to other C-type CRDs 

(Ariizumi et al., 1999). 
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Figure 1.1. Sugar-binding site in mannose-binding protein A. Black dashed lines represent 
calcium coordination bonds; yellow dashed lines represent hydrogen bonds. Based on PDB 
file 1KX1. 
 
 

C-type lectins involved in signalling 
 Many C-type lectins expressed on myeloid cells are involved in innate immune signalling. 

The cytoplasmic domains of many of these receptors contain short motifs that serve as docking 

points for kinases, phosphatases and adapter molecules that contain binding domains such as 

Src-homology (SH) domains. Some of the common motifs in C-type lectins and their roles in 

signalling are summarized in Table 1.1. Dectin-1, prolectin and DCIR have defined interaction 

partners in the cytoplasm, while the signalling pathways for the mannose receptor, DC-SIGN, 

CD23, and langerin are not yet clear. 
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Table 1.1. C-type lectins involved in signalling. 
 
 
 Lectin Motif in cytoplasmic Functions 
  domain 
 
 
 Dectin-1 YXXL Syk activation; IL-2 and IL-10 production 
 
 Prolectin YXNX Activation potentially through Grb2 
 
 DCIR ITYAEV Inhibition potentially through SHP-1, 
   SHP-2, Syk and Src family kinases 
 
 Mannose receptor FENTLYF Endocytosis; involvement in signalling 
   but lacking a signalling motif 
 
 DC-SIGN YXXL Resembling hemi-ITAM but no signalling 
   function 
 
 CD23 YESI Endocytosis 
 
 Langerin WPREPPP Routing of Birbeck granules 
 
 

 Dectin-1 is expressed on the surface of dendritic cells as a receptor for β-glucan, a glucose 

polymer that forms part of the yeast cell wall. Yeast recognition by dectin-1 leads to production 

of high levels of interleukins IL-2 and IL-10. Cells expressing a truncated version of dectin-1 

lacking the cytoplasmic domain have unperturbed zymosan-binding function but are unable to 

generate IL-2 and IL-10 (Rogers et al., 2005). The cytoplasmic domain of dectin-1 contains a 

membrane-distal tyrosine in the format of YXXXL and a membrane-proximal tyrosine in the 

format of YXXL, but only the membrane-proximal tyrosine is phosphorylated (Kerrigan and 

Brown, 2010). Because of the single occurrence of phosphotyrosine and its resemblance to 

the duplicated YXXL/I sequences in typical immunotyrosine activation motifs (ITAM) that are 

targets for tyrosine kinases, the YXXL motif in dectin-1 cytoplasmic domain is described as an 

ITAM-like motif. The model for ITAM-like signalling pathway of dectin-1 depicted dimerization 

of dectin-1 caused by ligand engagement at the extracellular side of the receptors allows Syk 

to bridge the two monophosphorylated molecules at the cytoplasmic side of the receptor 

(Kerrigan and Brown, 2010). It was suggested that preference for Syk kinase instead of another 

cytosolic kinase, such as ZAP70, is due to the high flexibility of the linker region between the 

two Src homology 2 (SH2) domains in Syk. Compared with Syk, ZAP70, which has a more 

constrained arrangement of SH2 domains, only shows stringent binding to a dually 

phosphorylated ITAM but not to phosphotyrosines from two separate motifs (Hatada et al., 

1995). 
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 Prolectin is expressed in dividing B cells in germinal centres. It preferentially binds to 

terminal α-linked mannose or fucose residues that can be found on high-mannose or Lewis-

type structures. Examination of the cytoplasmic domain of prolectin revealed at least three 

potential SH2-binding sequences and eight potential SH3-binding sequences. Grb2 is a 

ubiquitous adaptor protein that contains an SH2 domain that binds YXNX sequence that can 

be found in the cytoplasmic domain of prolectin. Antibody blotting following affinity purification 

of prolectin from transfected cells showed copurification of Grb2 with prolectin that contains 

phosphorylated tyrosine residues (Graham et al., 2009). Further steps in the signalling 

pathways leading from prolectin remain to be defined. 

 Dendritic cell immunoreceptor (DCIR) is expressed on the surface of dendritic cells and 

other antigen-presenting cells. By homology of the C-type carbohydrate recognition domain, 

DCIR can be grouped to a family of receptors discussed below, which includes dendritic cell 

activation receptor (DCAR), dectin-2, BDCA-2, macrophage C-type lectin (MCL), and mincle. 

However, none of these related receptors possess a consensus signalling sequence in the 

cytoplasmic domain except DCIR, which contains an immunotyrosine inhibitory motif (ITIM) 

ITYAEV. Both threonine and tyrosine in this motif can be phosphorylated, and tyrosine-

phosphorylated ITIM can interact with SHP-1, SHP-2, Syk and eight of the Src family kinases 

(Lambert et al., 2011). DCIR signalling through the ITIM contributes to HIV-1 infection of 

dendritic cells, which are the primary entry sites for HIV-1 virions and is a vital step that takes 

the virions across the barrier formed by mucosa epithelium and closer to the T-cell zone. 

 DC-SIGN (dendritic cell-specific ICAM-3 grabbing nonintegrin) is mainly expressed on the 

surface of sub-epithelial dendritic cells and specialized macrophages in certain tissues. It 

functions as an adhesion receptor that stabilizes interaction between dendritic cells and T cells 

by binding to the glycoprotein intercellular adhesion molecule 3 (ICAM-3). DC-SIGN has also 

been reported to mediate the rolling of dendritic cells during their migration across the 

endothelial cell layer through interaction with the glycoprotein ICAM-2 (Holla and Skerra, 2011). 

The extracellular domain of each DC-SIGN molecule contains a C-terminal C-type CRD that 

allows binding to mannose- and fucose-bearing glycans, followed by an α-helical neck that 

promotes formation of a tetramer (Mitchell et al., 2001). The intracellular domain of DC-SIGN 

contains a YXXϕ motif, in which ϕ is a large, nonpolar residue, that forms a target sequence 

for binding of clathrin adapter protein AP-2 (Traub, 2003). The presence of this motif is 

consistent with participation of DC-SIGN in a clathrin-dependent endocytic pathway 

(Drickamer and Taylor, 2015). In addition, it has been reported that ligation of DC-SIGN on 

dendritic cell surfaces leads to association with tyrosine kinases Lyn and Syk and results in 

cytokine production (Caparrós et al., 2006). Although the YXXL sequence found in the 

cytoplasmic tail of DC-SIGN resembles a hemi-ITAM as in dectin-1, tyrosine phosphorylation 
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has not been detected in this sequence. Thus, it has been postulated that the association of 

DC-SIGN with tyrosine kinases is indirect. 

 The mannose receptor is mainly expressed on the surface of macrophages and dendritic 

cells. The extracellular portion of this receptor contains an N-terminal cysteine-rich domain 

which recognizes the terminal sulphated N-acetylgalactosamine on glycoprotein hormones 

secreted by the pituitary. This region is followed by a fibronectin type II domain that is involved 

in collagen binding and eight tandemly arranged C-type lectin like domains, of which domains 

4-8 are required for binding and endocytosis of ligands terminated with mannose, N-

acetylglucosamine or fucose (Feinberg et al., 2000). The tyrosine residue and the di-aromatic 

YF motif in an FENTLYF sequence in the cytoplasmic domain of the mannose receptor 

accounts for its clathrin-mediated endocytic behaviour towards soluble ligands. Despite lack 

of a signalling motif, the mannose receptor appears to participate in intracellular signalling in 

response to pathogenic fungi. Addition of fungi to transfected cells singly expressing either 

mannose receptor or toll-like receptor 2 (TLR-2), a canonical pattern-recognition receptor, 

does not induce secretion of cytokines, but transfectants co-expressing both receptors do 

respond, suggesting that mannose receptor signalling is conditional on cooperation with a 

canonical pathogen recognition receptor via a mechanism that is yet not understood (Gazi and 

Martinez-Pomares, 2009). 

 CD23 is a cell surface receptor for the Fc domain of IgE. The extracellular portion of CD23 

contains a C-terminal C-type lectin-like domain and an α-helical coiled-coil stalk region that 

promotes formation of receptor trimers. Although IgE is highly glycosylated and the IgE-binding 

domain of CD23 resides in the C-terminal C-type lectin-like region, CD23 recognizes IgE by 

its Cɛ3 domain rather than its glycosylation sites (Gordon, 1994). There are two splice forms 

of CD23, CD23a and CD23b. The former is exclusively expressed by B cells, and the latter is 

expressed by IL-4-stimulated cells including B cells, macrophages, and eosinophils. The two 

isoforms are only different in the first 6 to 7 amino acid residues in the N-terminal cytoplasmic 

domains. In human CD23a, the N-terminus features a YESI motif (residue 6 to 9), which serves 

as a clathrin-dependent internalization signal. On the other hand, CD23b mediates IgE-

dependent phagocytosis. Although the two splice forms serve different functions, a serine-to-

phenylalanine mutation in the cytoplasmic tail of CD23b at a position corresponding to that of 

the tyrosine residue in the YESI motif of CD23a restores the ability of CD23b to mediate 

endocytosis (Yokota et al., 1992). CD23 is reported to negatively regulate B-cell receptor 

signalling. Although the exact molecular mechanisms are not known, CD23 plays a direct or 

indirect role in promoting B-cell contraction and actin clearance, which causes the coalescence 

of B cell receptor microclusters into polarized central clusters, leading to signal attenuation (Liu 

et al., 2016), 
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 Langerin is an endocytic receptor expressed on the surface of Langerhans cells, which 

are immature dendritic cells of the epidermis and mucosal tissues. The extracellular portion of 

the receptor forms a trimer stabilized by an α-helical neck region in each langerin molecule. 

Interactions between the neck domain and the C-terminal C-type CRD of each molecule hold 

the CRDs in a fixed position, so that it binds selectively to mannose-containing polysaccharides 

of bacterial wall but not to mammalian-type high-mannose structures (Feinberg et al., 2010). 

Although a consensus endocytosis signal motif is not found in langerin to explain its role in 

antigen uptake, a proline-rich motif (WPREPPP) in the cytoplasmic tail has been assigned a 

role in the routing to Birbeck granules, which are antigen-processing organelles unique to 

Langerhans cells (van der Vlist and Geijtenbeek, 2010). Because the proline-rich domain 

interacts with SH3-containing adaptor proteins during vesicular trafficking, and mutation within 

this domain prevents langerin-mediated endocytosis of influenza A virus, it is proposed that 

the proline-rich domain in langerin interacts with SH3 domain-containing adaptor proteins 

downstream of viral internalization, which stimulates GTPase activity of Rab5 as well as 

endosomal trafficking and maturation (Ng et al., 2016). 

 

1.2 Signalling mechanisms 
 In multicellular organisms, a cell senses specific chemical signals in its environment to 

make appropriate response to regulate metabolism or change its gene-expression pattern. The 

process through which a cell becomes aware of a chemical signal and subsequently reacts to 

it is called signal transduction. While chemical signals can come in various forms, from small 

nutrient molecules to hormones, drugs and xenobiotics, these signal molecules do not enter 

cells directly to exert their effects. Instead, specific cell-surface receptors are required for 

receiving the corresponding signals, thereby initiating the process of signalling. There are at 

least three different mechanisms of signal transduction: conformational changes, dimerization 

and clustering. In the following sections, model receptors in each category will be used as 

examples to illustrate these different signalling mechanisms. 

 

Conformational changes: G-protein coupled receptors 
 An example of a receptor which signals through conformational change is the β-adrenergic 

receptor. The β-adrenergic receptor belongs to the largest family of cell surface receptors, the 

superfamily of G-protein coupled receptors, all of which share a seven-transmembrane 

topology. There are approximately 800 genes encoding proteins of this family in the human 

genome. Its members process enormously diverse environmental information, ranging from 

synaptic neurotransmitters and hormones to photons, odorants, and tastants. 

 When bound to its physiological ligand epinephrine (adrenaline), the β-adrenergic receptor 

transmits the signal by activation of a heterotrimeric G protein, which is named after its three-
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subunit structure and its ability to bind guanyl nucleotides. Interaction of the G-protein with the 

receptor causes exchange of GDP with GTP at the nucleotide-binding site. This exchange 

enables Gα, the α subunit of G protein to dissociate from the Gβγ dimer and the latter actively 

interacts with adenylate cyclase, which catalyses the conversion of ATP to cAMP. The increase 

in cytosolic concentration of cAMP causes activation of protein kinase A, which regulates a 

wide range of cellular events through phosphorylation of serine or threonine residues on a 

variety of target proteins and changes their activities (Kobilka, 2013). 

 The ligand-binding pocket in the β-adrenergic receptor is located at the centre of the 

protein and is formed by transmembrane helices 3, 6 and 7 (Fig. 1.2B). Mutagenesis studies 

show that amino acid residues Asp113 and Val114 in transmembrane helix 3, Phe289 and 

Phe290 in transmembrane helix 6, and Asn312 in transmembrane helix 7 are required for 

interactions with ligand (Rasmussen et al., 2007). 

 Crystallization studies revealed that although the binding of an agonist only induces a 

subtle conformational change at the ligand-binding domain of β-adrenergic receptor, the 

presence of agonist induces dramatic changes in the cytoplasmic domain, including an 

outward movement of transmembrane helices 5 and 6, by 6 Å and 11.4 Å respectively, and an 

inward movement of transmembrane helices 7 and 3 (Fig. 1.2C). These re-positioned 

transmembrane helices form a G-protein binding site at the cytoplasmic side of the receptor 

(Rasmussen et al., 2011a). Comparison of crystal structure of inactive GDP-bound G protein 

and that of activated G protein bound by β-adrenergic receptor revealed that the α5-helix of 

the Ras-like domain of Gα (Gα Ras), rotates by approximately 130° and makes a significant 6-

Å movement towards the core of β-adrenergic receptor, inserting its C-terminus into the binding 

site formed by transmembrane helices 5 and 6 (Rasmussen et al., 2011b). Taking together, 

the initiation of signalling requires an agonist-bound β-adrenergic receptor to interact with a 

GDP-bound Gα. 
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Figure 1.2. Mechanism of G-protein coupled receptor activation. (A) β-adrenergic receptor 
at rest. (B) Liganded β-adrenergic receptor. Adrenaline molecule interacts with the ligand-
binding pocket formed by transmembrane helices 3, 6 and 7 of the β-adrenergic receptor. (C) 
Transformation of Gα subunit and assembly with receptor. Binding of adrenaline induces an 
outward displacement of transmembrane helices 5 and 6 (purple) in the β-adrenergic receptor. 
The α5 helix of G protein α subunit undertakes a rotation of 130° and displacement by 6 Å 
towards the core of β-adrenergic receptor. (D) Assembly of receptor-G protein complex 
releases GDP from the α subunit, and GTP binds to the nucleotide-free α subunit. This triggers 
the release of the βγ dimer, which regulates downstream pathway through adenylate cyclase. 
 
 

 It is striking that binding of a small ligand like an adrenaline molecule can lead to such a 

dramatic conformational change at the cytoplasmic side of β-adrenergic receptor. Comparison 
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of structures of the active and inactive β-adrenergic receptor suggested that perhaps agonist 

interactions with two serine residues were able to stabilize the ligand-binding site in a slightly 

different local conformation. This small local change levers rearrangements in the rest of the 

protein, leading to a global structural change that creates a binding site for the G protein 

(Rasmussen et al., 2011a). 

 Binding of the hormone ligand to the β-adrenergic receptor must make the subsequent 

conformational changes energetically favourable. At an affinity of 1.07 nM, binding of an 

adrenaline molecule provides -8.2 kcal/mol free energy to shift the equilibrium to the active 

form of the receptor. In keeping with the tight coupling of hormone binding and binding of the 

G protein, in the absence of a G-protein, an agonist only binds receptor with a Ki of 107 nM, 

which is 100-fold weaker than when the receptor is stabilized by a G protein (Rasmussen et 

al., 2011a). 

 

Dimerization: tyrosine kinase growth factor receptors 
 An example of signalling driven by receptor dimerization is seen from activation of 

epidermal growth factor (EGF) receptor. EGF is secreted by a wide range of epithelial tissues. 

The 6-kDa polypeptide binds to receptors on the surface of epidermal and epithelial cells, 

resulting in stimulation of cell growth and division. The EGF receptor, designated ErbB-1, is a 

member of the receptor tyrosine kinase family. Fifty-eight proteins from this family are encoded 

in the human genome. A receptor tyrosine kinase has a cytoplasmic tyrosine kinase domain, 

which catalyzes transfer of a phosphate from ATP to the hydroxyl group of a tyrosine residue 

rather than to that of serine or threonine residues. Receptor tyrosine kinases commonly adopt 

an inhibitory conformation of the intracellular kinase domains, which prevents substrate from 

binding until ligand binds to the extracellular portion of the receptor. However, the EGF receptor 

is special, in that control of receptor activation is not exerted by this auto-phosphorylating 

inhibitory mechanism, but through inhibition of dimerization at its extracellular domains. Over-

expression or mutation of EGF receptor that maintains the receptor in a persistently active 

state is seen in many epithelial cancers, including breast, ovarian and colorectal cancer 

(Burgess et al., 2003). 

 The EGF receptor exists as a monomer on the cell surface until the binding of ligand. 

When EGF is present, each receptor monomer binds to an EGF molecule, causing the receptor 

to change into a conformation active for dimerization. The monomers interact through the 

dimerization arm (Fig. 1.3B). In the absence of the EGF ligand, receptor monomers are held 

in a cyclic configuration, shielding the dimerization arm (Fig. 1.3A). When EGF binds, 

intramolecular contacts of the dimerization arm are broken, so it can insert into a binding pocket 

of the other monomer. This movement draws the C-terminal tail of one receptor kinase into the 
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active site of the kinase domain of the other subunit of the now dimeric receptor, allowing 

phosphorylation at the C-terminus (Fig. 1.3C). 

 The phosphorylated C-terminal domain of the receptor binds the SH2 domain of adaptor 

molecule Grb-2. The SH3 domains of the phosphorylated Grb-2 interact with the proline-rich 

domain of Sos, a guanine nucleotide exchange factor, and target the translocation of Sos to 

the plasma membrane. Sos binds to a membrane-anchored small G-protein, Ras, allowing a 

GDP in Ras to be exchanged for a GTP. Ras functions as a GTPase, like the Gα subunit of the 

heterotrimeric G protein introduced above. Bound with GTP, Ras is activated and interacts 

with a membrane-anchored protein kinase, Raf, which amplifies the signal transduction further 

by serial phosphorylation of downstream proteins, including kinases MEK and ERK (Fig. 1.3D). 

This pathway eventually changes the gene expression pattern to favour cell growth and 

division (Lemmon et al., 2014). 

 Crystallization studies reveal that the extracellular domain of the EGF receptor is made up 

of four subdomains. Subdomains I and III are involved in ligand binding, while subdomains II 

and IV play roles in receptor-mediated dimerization (Garrett et al., 2002). Mutagenesis studies 

(Dawson et al., 2005) confirm that dimerization is mediated by key residues in the dimerization 

arm and an adjacent loop in subdomain II of an initiating monomer. The interactions are 

exerted on stretches of amino acids in the subdomain II of the receiving monomer. 

 A key point is that contact regions for dimerization are fully shielded in a tethered, 

monomeric conformation. Interestingly, it was observed that mutations of contact points that 

are involved in dimerization in subdomain IV often contribute to an increase in ligand-binding 

affinity, but mutation of key amino acid residues in subdomain II have a more severe impact 

on ligand interaction, reducing the binding affinity of EGF by 1.5 to 5 fold. It was suggested 

that mutations in subdomain IV disrupt the tethered, monomeric structure, hence facilitate 

ligand binding. However, mutations to subdomain II impair receptor dimerization, which is 

thermodynamically coupled with ligand binding (Dawson et al., 2005). 

 With a KD of approximately 175 nM, the binding interaction is weaker in this case than for 

the G-protein coupled receptors. However, energy required to drive the receptor changes 

comes both from the favourable binding interactions with the ligand and from the energetics of 

the kinase reaction. 
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Figure 1.3. Mechanism of EGF receptor activation. (A) Unliganded receptors are 
monomeric. Key contact regions for dimerization in subdomains II and IV are shielded. (B) In 
liganded receptors, the dimerization arm in subdomain II of one monomer inserts into a binding 
pocket in subdomain II of the other monomer. (C) Dimerization activates the kinase function of 
receptors by bringing the C-terminal tail of one receptor into the active site of its partner’s 
kinase. (D) EGF signalling. Phosphotyrosines on the receptor recruit SH2 domains for Grb-2, 
and leads to activation of Ras through Sos, resulting in activation of a protein kinase cascade 
involving Raf, MEK, and ERK. 
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Clustering: phosphatase activation through ITIMs 
 An example of signalling driven by clustering is seen with the activation of CD22, also 

known as siglec-2. CD22 belongs to the siglec family of transmembrane sialic acid-binding 

immunoglobulin-like lectins. There are 14 siglecs encoded by the human genome. The 

extracellular domains of these receptors contain 1 to 16 immunoglobulin constant domains as 

spacers and are capped with an N-terminal V-set domain that binds to sialic acids. Most human 

siglecs bear cytoplasmic ITIMs that interact with intracellular SH2-containing tyrosine 

phosphatases SHP-1 or SHP-2 and lead to negative signalling (Macauley et al., 2014). 

 CD22 is expressed on the surface of B cells and plays an important role in dampening B-

cell receptor signalling. The extracellular domain of CD22 contains an N-terminal variable 

immunoglobulin-like domain and six constant immunoglobulin-like domains (Fig. 1.4A). It binds 

to glycoconjugates bearing α2,6-linked sialic acid either on the same cell (cis) or on other cells 

(trans). When a B cell is untriggered, CD22 monomers form homomultimers by binding to 

glycan ligands on each other in a cis manner. CD22 has also been suggested to interact in cis 

with CD45, a transmembrane protein with a highly glycosylated ectodomain and an 

intracellular tyrosine phosphatase domain, which restricts CD22 from moving to the B-cell 

receptor and acting as an inhibitor (Meyer et al., 2018). Upon stimulation of the B cell by an 

antigen, an ITAM in the B-cell receptor complex is phosphorylated by a membrane-anchored 

tyrosine kinase, Lyn. The phosphorylated ITAM interacts with an intracellular tyrosine kinase, 

Syk and activates the Syk-BLNK-BTK/PLCγ2 pathway. PLCγ2, phospholipase Cγ2, catalyzes 

the hydrolysis of phosphatidylinositol (4,5)-bisphosphate (PIP2) to inositol (1,4,5)-triphosphate 

(IP3), which binds to a Ca2+ channel in the endoplasmic reticulum and results in an influx of 

Ca2+ into the cytoplasm. 

 CD22 is recruited to microdomains containing activated B-cell receptor through trans 

binding of glycan residue on the other cell. This brings the ITIM of CD22 close to Lyn and 

allows phosphorylation of ITIM (Fig. 1.4B). The phosphorylated ITIM interacts with the SH-2 

domains of SHP-1 and Grb-2. Activated SHP-1 inhibits BTK and PLCγ2 of the B-cell receptor 

signalling pathway hence suppresses further release of Ca2+ from the endoplasmic reticulum. 

Phosphorylated Grb-2 interacts with a membrane-bound ATPase, PMCA, which acts as a Ca2+ 

pump to remove the excessive Ca2+ from the cytoplasm. 
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Figure 1.4. Organization of CD22 (Siglec 2) and its activation by colocalization with B-
cell receptor. (A) Domain organization of CD22. (B) After B cell activation, CD22 colocalizes 
with B-cell receptor by trans binding to sialic acids (dark red diamonds) from a different cell 
and its ITIM becomes phosphorylated due to vicinity to membrane-anchored kinase Lyn. B-
cell receptor complexes consist of membrane IgM (mIgM) and ITAM-containing Igα/Igβ 
heterodimer. Phosphorylated ITIMs of CD22 interact with SHP1, which suppresses BTK and 
PLCγ2 that were upregulated by B-cell receptor signalling. Grb2 is another effector of CD22, 
which activates PMCA to remove excessive Ca2+ from the cytoplasm. Phosphates are shown 
as yellow dots. 
 
 

 Glycan binding plays an important role in the recruitment of CD22 to the B-cell receptor. 

Mutations in the glycan-binding domain of CD22 that result in formation of smaller homo-

oligomers of CD22, create stronger association with IgM in the B-cell receptor and stronger 

inhibition of B-cell receptor signalling (Gasparrini et al., 2016). Increased IgM association was 
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also observed when ST6GalI, the enzyme responsible for generating Siaα2,6Gal linkages, is 

knocked out in CD22-expressing cells (Collins et al., 2006). It has been suggested that in both 

scenarios, impaired cis-binding liberates CD22 from a constrained micro-environment, so it 

gains more mobility to associate with IgM. 

 Activation of CD22 requires that kinase Lyn be in the vicinity. Since the distribution of Lyn 

on the plasma membrane is uneven, CD22 needs to move to a microenvironment that is rich 

in Lyn to be activated. One possible mechanism for this movement is by trans-interaction with 

glycoconjugates on an incoming cell that out-competes cis-interaction with ligands on the B 

cell. This displacement is likely to result from co-clustering with IgM at the antigen-B-cell 

receptor interaction interface. However, a key question yet to be answered is what high-affinity 

glycoconjugates on other cells might be the trans-interaction partners of CD22. 

 

Allosteric conformational changes: kinase activation through ITAMs 
 Clustering of ITAMs, analogous to the clustering of ITIMs described for CD22, represents 

one mechanism by which these domains communicate information across the membrane. 

However, analysis of T-cell receptor activation also implicates allosteric conformational 

changes in triggering a kinase-dependent signalling through ITAM coupled by the receptor. 

The T-cell receptor is a heterodimer of α and β chains linked by a disulfide bond. Each chain 

has an immunoglobulin-like extracellular domain, a transmembrane domain and a short 

cytoplasmic tail. An antigen-binding site is formed by the variable regions in the extracellular 

domain of the T-cell receptor dimer, which allows it to recognize the peptide displayed by a 

major histocompatibility complex (MHC) molecule on the surface of an antigen-presenting cell. 

The membrane-spanning domains of T-cell receptor dimer interact non-covalently with three 

transmembrane dimeric CD3 proteins, CD3εγ, CD3εδ, and CD3ζζ, in a 1:1:1:1 stoichiometric 

ratio. Each of the ε, γ, and δ chain contains one ITAM, whereas the ζ chain bears three. The 

T-cell receptor-CD3 complex transmits antigen-specific information across the T-cell 

membrane, leading to numerous molecular changes at the cell membrane, in the cytoplasm 

and in the nucleus, eventually resulting in T-cell effector function (Samelson, 2002). 

 Upon binding of T-cell receptor to an antigen, ITAMs in CD3 are predominantly 

phosphorylated by a membrane-associated Src family tyrosine kinase, Lck. Two 

phosphorylated tyrosines in each ITAM interact with two SH2 domains of cytoplasmic tyrosine 

kinase, ZAP70, which is activated and phosphorylates a number of protein substrates, 

including a transmembrane adaptor molecule, LAT (linker for activation of T cells). LAT 

interacts with PLCγ1, an isoform of phospholipase Cγ that is expressed preferably in T cells 

rather than in B cells. PLCγ1 catalyzes the same cleavage of phospholipid into inositol 

triphosphate as described for PLCγ2, which leads to calcium influx from endoplasmic reticulum 

into cytoplasm. LAT also binds to the adaptor molecule Grb2, which mediates the translocation 



Chapter 1  Page 25 

of Sos from cytosol to plasma membrane, where it activates the small G protein Ras by 

facilitating GDP/GTP exchange (Fig. 1.5) (Samelson, 2002). 

 The mechanism by which ligand-binding at the extracellular domain of the T-cell receptor 

induces signal transduction across the plasma membrane is not fully understood. Two possible 

mechanisms of signalling have been postulated: allosteric changes in the cytoplasmic region 

of the receptor-adaptor complex induced by ligand binding to the receptor or conformational 

changes resulting from mechanical forces on T-cell receptor (Mariuzza et al., 2020). 

 In an allosteric conformational change model, it is proposed that T-cell receptor/peptide-

MHC interaction repositions the ITAMs of CD3 from a membrane-shielded state inaccessible 

to cytosolic kinases to a cytoplasm-directed state that can be targeted by Lck for tyrosine 

phosphorylation. Structural studies reveal that CD3ε is bound to the phospholipid bilayer, with 

its peptide backbone interacting with the hydrophilic phosphate heads and the aromatic 

tyrosine residues from the ITAM protruding into the lipid bilayer, which would make them 

inaccessible to kinases (Xu et al., 2008). In line with this finding, when T-cell receptor is at rest, 

CD3ζ is associated with the negatively charged, cytoplasm-facing phospholipid layer of plasma 

membrane by a stretch of positively charged amino acid residues in its cytoplasmic tail. In 

addition, fluorescence recovery after photobleaching shows that dissociation of the ITAM-

containing cytoplasmic domain of CD3ζ from the membrane can result either from tyrosine 

phosphorylation or from T-cell receptor activation by anti-CD3 antibody (Zhang et al., 2011). 

 The alternative mechanosensing model suggests that motion of a T cell crawling over an 

antigen-presenting cell to bind to the peptide epitope displayed by the MHC molecule causes 

sliding between the two cells, generating tensile force tangential to the T-cell surface. Single-

molecule assays, in which beads coated with peptide-MHC are presented to the surface of T 

cells show that binding of cognate peptide-MHC alone is not sufficient for activating T-cell 

receptor, but applying force tangentially to the binding interface of the T-cell receptor and the 

peptide-MHC initiates activation (Kim et al., 2009). This result would explain how a monomeric 

MHC molecule is sufficient to trigger the T-cell receptor-CD3 complex and drive signalling 

(Huang et al., 2013). The tangential force may be required to induce an allosteric long-distance 

change in protein dynamics (Mariuzza et al., 2020). 
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Figure 1.5. Organization of CD3, the T cell receptor, and potential activation mechanism 
by allosteric conformational change. Each T cell receptor subunit consists of one variable 
and one constant immunoglobulin-like domain in the extracellular region. (A) In the absence 
of antigen, immunotyrosine motifs are shielded by binding to the lipid bilayer, for CD3ε, or by 
binding of the positively charged cytoplasmic tail to the cytoplasmic-facing negatively charged 
phosphate headgroup of the phospholipid bilayer for CD3ζ. (B) Binding of antigen induces 
dissociation of phosphotyrosine motifs from the membrane. Immunotyrosine activation motifs 
are poised for phosphorylation by Lck kinase, leading to activation of ZAP70 kinase and 
phosphorylation cascades involving LAT-PLCγ1/Grb2. 
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1.3 Adaptor proteins 
 In innate and adaptive immune systems, it is common that the ligand-binding functions of 

immune receptors and their signal-transducing elements reside in separate subunits, which 

are assembled into multi-subunit complexes. This arrangement allows the genes encoding the 

ligand-binding domains to mutate and diversify as often as necessary to meet the evolutionary 

challenges posed by the rapidly changing pathogen patterns while maintaining the signalling 

functions. In addition, it allows the same signalling subunit to be shared among receptors with 

different specificities (Lanier, 2009). There are seven types of dimeric adaptor molecules, 

namely ζ chains, FcRγ, DAP12, DAP10, CD3δε, CD3γε and CD79αβ. While CD3 and CD79 

heterodimers are exclusively expressed by T cells and B cells and associate with T cell 

receptors and B cell receptors respectively, ζ chains, FcRγ, DAP12 and DAP10 are associated 

with different receptors in a wide variety of cells (Berry and Call, 2017). This section will focus 

on the latter adaptor molecules and their association with receptors (Fig. 1.6). 

 

 

 
 
Figure 1.6. Organization of FcRγ, ζ chains, DAP12 and DAP10 on the cell membrane. 
Extracellular or intramembrane disulfide bonds in adaptor molecule dimers are shown as 
yellow lines. Oppositely charged residues in the transmembrane domains of receptors and 
adaptor molecules are shown interacting. 
 
 

ζ chains, FcRγ, DAP12 and DAP10 
 Ζeta chains, FcRγ, DAP12 and DAP10 are disulfide-linked type I transmembrane proteins 

each of which lacks a folded extracellular domain, contains an intramembrane aspartate 
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residue that is important for charge interactions with paired membrane receptors and 

possesses one or more signalling motifs in the cytoplasmic domain. Whilst the two cysteine 

residues that form two interchain disulfide bonds in the homodimeric DAP12 and DAP10 are 

located in the extracellular region, the single cysteine residues that hold the ζζ and FcRγ 

homodimers together reside at the N-terminal side of the transmembrane domains. 

 In DAP10 and DAP12, an intramembrane aspartate residue is located centrally in the 

transmembrane domain. This residue mediates charge-pairing between DAP10 and NKG2D, 

and charge interactions between DAP12 and type I transmembrane receptors such as human 

killer cell immunoglobulin-like receptors, NKp44, TREMs, paired immunoglobulin-like 

receptors, signal regulatory protein, siglecs, CD300 receptors, mouse CD200 receptors, and 

mouse Ly49 receptors and type II transmembrane receptors including NKG2C and myeloid 

DAP12-associated lectin-1 (Berry and Call, 2017). Apart from NKG2D, which primarily 

associates with DAP10, some receptors that were originally discovered to pair with DAP12 can 

also interact with DAP10, such as mouse Ly49H and Ly49D, human Sirp-b1, human and 

mouse Siglec-15, CD300 (Call and Wucherpfennig, 2007). This interchangeability could be 

due to the sequence similarity in the transmembrane domain of the two adaptor molecules. 

 In ζ chains and FcRγ, the intramembrane aspartate residue is situated closer to the N-

terminal, extracellular end of the transmembrane domain. In ζ chains, this residue directs 

charge interactions with transmembrane basic residues in T-cell receptor α, NKp46 and NKp30. 

The acidic residue in FcRγ mediates interactions with both type I transmembrane receptors 

such as FcαR (human), glycoprotein VI (GPVI), PIRα (mouse) and type II transmembrane 

receptors such as NKp46 and mincle (Call and Wucherpfennig, 2007). Non-electrostatic 

interactions have been suggested to mediate association between CD16A and FcRγ or human 

ζ chains (Blázquez-Moreno et al., 2017). FcRγ is also reported to interact with several other 

receptors independent of transmembrane charge-pairing, including type I proteins such as 

FcεRIα and CD64, and type II lectins such as dectin-2 and human BDCA-2 (Blázquez-Moreno 

et al., 2017; Geijtenbeek and Gringhuis, 2009). 

 As noted above, the cytoplasmic domain of each FcRγ and DAP12 molecule contains a 

single ITAM, whilst ζ chain has three. Each ITAM consists of two conserved YXXL/I sequences 

that are separated by 6 to 8 non-conserved amino acid residues. The two tyrosine residues in 

the ITAM can be phosphorylated by membrane-anchored Src family kinases such as Lck and 

Lyn. The phosphorylated ITAM subsequently recruits the SH2 domains of intracellular tyrosine 

kinases ZAP70 or Syk, which activate further signalling cascades (Lanier, 2009). In the 

cytoplasmic tail of DAP10, a YINM motif rather than an ITAM is present. When phosphorylated, 

this sequence binds to the SH2 domains of PI3K and adaptor protein Grb2, both of which are 

important for optimizing Ca2+ responses and inducing cytotoxicity by NKG2D. 
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A model for receptor-adaptor association through electrostatic interactions 
 Association of ζ chains, FcRγ, DAP12 and DAP10 with their corresponding receptors 

requires formation of a 3-helix interface in the membrane. A stoichiometric ratio of 1:2 has 

been established for charge-pairing of T-cell receptorα with ζ chains, FcαR or GPVI with FcRγ, 

NKG2C or KIR2DS2 with DAP12, and NKG2D with DAP10 (Call et al., 2002; Feng et al., 2005; 

Garrity et al., 2005). The stoichiometry of these receptor-adaptor complexes was investigated 

by two-step non-denaturing immunoprecipitation of differentially tagged proteins and 

measurement of radioactively labelled proteins. In the case of association of NKG2C/CD94 

heterodimer and DAP12, where CD94 is not involved in intramembrane interactions with 

DAP12, DAP12, biotin-tagged NKG2C/CD94 and hemagglutinin-tagged NKG2C/CD94 were 

expressed and assembled in an in vitro translation system where all methionine residues were 

labelled with 35S (Feng et al., 2005). The protein complexes were isolated using the biotin tag 

under non-denaturing conditions. Following dissociation from the first matrix, a second 

immunoprecipitation was performed using the hemagglutinin tag. Sodium dodecyl sulfate (SDS) 

polyacrylamide gels showed that protein complexes from the primary immunoprecipitation 

contain only one of the two tags and no protein was detected after the second 

immunoprecipitation. This result indicates that one NKG2C receptor molecule is present in 

each complex. Measurement of 35S-labelled methionine content revealed a NKG2C-to-DAP12 

stoichiometry of 1:2. The same strategy was applied to prove a 1:1:1:1 stoichiometric ratio in 

the T-cell receptorαβ:CD3δε:CD3εγ:ζζ complex, a 2:4 ratio of NKG2D:DAP10, and a 1:2 ratio 

of FcαR:FcRγ (Call et al., 2002; Garrity et al., 2005; Feng et al., 2005). 

 For these dimeric adaptors, mutation of the conserved intramembrane aspartate residue 

in one chain to an asparagine or alanine residue disrupts assembly with their corresponding 

receptors, whilst mutation of the aspartate residue in both chains to asparagine or alanine 

almost completely eliminates receptor association. Similarly, mutagenesis of the basic residue 

in the receptor is sufficient to abolish protein-complex assembly (Call et al., 2002; Garrity et 

al., 2005; Feng et al., 2005). This charge interaction is specific, since mutation of a positively 

charged residue to another, such as arginine to lysine, is not well-tolerated by the 

corresponding adaptor (Call et al., 2010). 

 The 3-helix interaction interface of NKG2C-DAP12 was studied in a covalently stabilized 

transmembrane peptide complex system, where the transmembrane region of NKG2C was 

fused to the C-terminal end of a DAP12 peptide through a flexible linker sequence, and the 

second strand of DAP12 was captured through formation of natural disulfide bond in the 

extracellular stalk region (Call et al., 2010). NMR structural analysis of this trimeric complex 

revealed that the two DAP12 strands form an approximately symmetrical interface containing 

two polar residues, Asp16 and Thr20, that can interact with receptors. Although the interface 

extends throughout the transmembrane region, there is a lack of surface complementarity 
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between receptor and DAP12 dimer, which may explain the ability of DAP12 to associate with 

a wide range of membrane-spanning receptors. Although Thr20 does not contribute to 

hydrogen bonding in the interface or affect DAP12 dimerization, mutation of this threonine 

residue to alanine reduces NKG2C-DAP12 assembly by 70% in an in vitro translation system. 

Sequence alignments of DAP12, DAP10, CD3δ and CD3ε across species reveal a conserved 

pattern of DXXXT/S in the transmembrane domains. In line with the observations in DAP12, 

mutations of the threonine residue in CD3δ or CD3ε and mutation of serine residue in DAP10 

show defects in assembly with T-cell receptor or NKG2D respectively. 

 Taken together, these observations suggest the conserved serine/threonine residue is 

functionally significant and it may contribute to charge pairing by stabilizing the aspartate in 

the adaptor molecule in a favourable position to interact with the basic residue in the receptor 

(Call et al., 2010). In contrast, ζ chains and FcRγ share a conserved DXXXF sequence rather 

than DXXXT/S in this region, which may explain their association with receptors by non-ionic 

interactions, which is not seen with DAP12, DAP10 or CD3 adaptors. 

 

Variation from the charge-based interaction model 
 Zeta chains and FcRγ exhibit non-canonical associations with some receptors through 

non-ionic interactions. For example, in vitro translation with 35S-labelling demonstrates that 

CD16A, which is a type I transmembrane receptor lacking an intramembrane basic residue, 

forms a 3-helix assembly with either ζ chains or FcRγ (Blázquez-Moreno et al., 2017). When 

expressed alone from transfected fibroblasts, only small amounts of receptor with immature 

glycosylation were observed, but when cotransfected with either ζ chains or FcRγ, abundant 

receptor molecules were expressed on the cell surface. This observation suggests that 

association with adaptor molecules prevents receptor degradation. Site-directed mutagenesis 

demonstrated that the critical residues are Phe194, Phe202, Asp205, Thr206, Tyr209 and 

Phe210. Mapping of amino acids to a helical wheel reveals that the polar or aromatic residues 

all co-locate to one face of the α-helix. Structural simulations were used to model the assembly 

of a 30-residue α-helical membrane-spanning fragment of CD16A with FcRγ or ζ chains dimers. 

The model reveals that the face containing the polar/aromatic residues identified by 

mutagenesis are favourably packed against the composite interface formed by the FcRγ or ζ 

chains dimers. 

 

1.4 Mincle family receptors 
The mincle receptor family consists of the structurally similar C-type lectins, mincle, dectin-2 

and BDCA-2, along with the related macrophage C-type lectin (MCL). In mincle, dectin-2 and 

BDCA-2, the constellation of amino acids around the primary Ca2+-binding site confers 

affinity for mannose, glucose and N-acetylglucosamine (Fig. 1.7A). In MCL, one of the key 



Chapter 1  Page 31 

Ca2+ ligands does not follow the pattern required for binding of either these sugars or to 

sugars such as galactose and N-acetylgalactosamine, which is consistent with the 

observation that sugar binding to MCL must be very weak (Balch et al., 1998; Furukawa et 

al., 2013). 

 

 
Figure 1.7. Organization of mincle family members with sugar-binding activity. (A) 
Primary sugar-binding sites in mincle (PDB entry: 4KZV), dectin-2 (PDB entry: 5VYB) and 
BDCA-2 (PDB entry: 4ZES) with bound ligands. Black dashed lines represent Ca2+ 
coordination bonds; yellow dashed lines represent hydrogen bonds. (B) Domain organization 
of the three receptors. Cysteine residues in the neck and transmembrane domains of mincle 
and dectin-2 are highlighted in yellow. 
 
 

Mincle 
 Mincle, the macrophage-inducible C-type lectin, also known as CLEC-4E, is expressed on 

the surface of macrophages. Mincle is conserved across most mammalian species, including 

human, mouse, cow, dog, dolphin, but not in birds, reptiles or fish (Rambaruth et al., 2015). 
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Mincle signalling is primarily considered a defence mechanism against Mycobacterium 

tuberculosis since the receptor recognizes the cord factor, trehalose dimycolate glycolipid in 

the mycobacterial outer membrane, and upregulates production of nitric oxide and pro-

inflammatory cytokines IL-6 and TNFα (Ishikawa et al., 2009). Binding competition assays 

reveal that mincle CRD binds to trehalose with an affinity of 2.2 mM (Feinberg et al., 2016). 

 Since mincle expression is regulated by TNF/TNF-receptor signalling in macrophages that 

are activated by a cord factor analogue, trehalose dibehenate, or bovine mycobacterium 

bacillus Calmette-Guérin, it has been suggested that mincle deficiency during acute or latent 

infection with M. tuberculosis may decrease sensing of mycobacteria and cause diminished 

expression of cytokines and chemokines, defective granuloma formation, and alterations in 

phagosomal maturation (Schick et al., 2020). Chemical synthesis reveals differential 

recognition of diacyl trehalose by T cell receptors and mincle. Fine tuning of the lipid 

composition of the synthetic analogues of trehalose dimycolate could lead to development of 

a vaccine that can simultaneously elicit an adaptive immune response through T cell receptor 

and an innate immune response through mincle (Reijneveld et al., 2021). 

 Although mincle was historically associated with a pro-inflammatory signalling pathway, 

mincle contributes in additional ways to the balance of pro- and anti-inflammatory responses. 

This balance can facilitate the persistence of mycobacteria inside macrophages, which leads 

to latent infection. Specifically, although IFN-γ stimulates macrophages to engage in antigen 

presentation and antimicrobial defense, trehalose dimycolate can negatively regulate IFN-γ-

induced antigen presentation and antimicrobial gene expression and thus enhance 

mycobacterial survival inside macrophages (Huber et al., 2020).  

 Apart from trehalose dimycolate, mincle can also be activated by Gram-negative bacteria 

(Matsumoto et al., 1999) and fungal species such as Cryptococcus deneoformans (Sato et al., 

2020) and invasive Candida species, although mincle plays a much more limited role in 

protection against fungus compared with dectin-2 (Thompson et al., 2021). Mincle also binds 

S-layer glycoproteins from bacteria found in the gut microbiome, including Lactobacillus kefiri 

(Malamud et al., 2019) and Lactobacillus brevis (Prado Acosta et al., 2021). Binding of S-layer 

glycoproteins to mincle on macrophages causes Syk-CARD9-dependent production of both 

pro- and anti-inflammatory cytokines, suggesting a role of mincle in immune homeostasis. 

 It has also been proposed that mincle may bind endogenous ligands as well as pathogens. 

For example, β-glucosylceramide from injured kidney is an endogenous ligand for mincle on 

macrophages that surround dead or dying adipocytes (Tanaka et al., 2020). Involvement of 

mincle in this sterile inflammation suggests that it has a role in fibrosis in obese adipose tissue. 

Spliceosome-associated protein 130 released by damaged tubular cells in acute kidney injury 

is also an endogenous ligand of mincle, although this is apparently not a glycan-lectin 

interaction, because the ligand does not have any known glycosylation sites (Yamasaki, et al., 
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2008). Mincle activation by spliceosome-associated protein 130 is via an miR-219c-3p-

dependent mechanism, which promotes inflammation (Lv et al., 2021). 

 

Dectin-2 
 Dendritic cell-associated C-type lectin-2, known as dectin-2 or CLEC-6A, is found on the 

surface of dendritic cells, activated macrophages and inflammatory monocytes (Ishikawa et al., 

2013). The dectin-2 gene is conserved in many mammals including primates, rodents, and 

even-toed ungulates. Dectin-2 binds α-1,2-mannan from Candida albicans (Robinson et al., 

2009; Saito et al., 2010), furfurman, a mannoprotein from Malassezia spp. (Ishikawa et al., 

2013) and Bl-Eng2, a fungal ligand from an attenuated vaccine strain of Blastomyces 

dermatitidis, which robustly induces IL-6 production via a dectin-2 and Card-9 dependent 

pathway (Wang et al., 2017). Recognition of fungal glycans elicits secretion of proinflammatory 

cytokines such as IL-2 and TNF, driving Th1/Th17 differentiation and the specialised T cells 

activate neutrophils, monocytes, macrophages and dendritic cells, constituting a defence line 

against fungal infection. The Manα1-2Man disaccharide is of particular interest, because it is 

a common epitope in mannans on the surface of pathogenic yeasts. Binding competition 

assays show that dectin-2 CRD binds to Manα1-2Man and Manα1-4Man disaccharides with 

affinities of 2.6 mM and 3.1 mM respectively (Feinberg et al., 2017). 

 Dectin-2 is not the only C-type lectin that binds to α-1,2-linked mannose. For example, 

another dendritic cell surface receptor, DC-SIGN, binds to the terminal Manα1-2Man moiety of 

high-mannose structures and it has an affinity of 0.56 mM for the Manα1-2Man disaccharide, 

which is higher than that of dectin-2 (Feinberg et al., 2007). However, comparison of the sugar-

binding sites shows that DC-SIGN has a more restricted geometry that only allows it to bind 

Manα1-2Man at the non-reducing termini of oligosaccharides. In contrast, the dectin-2 sugar-

binding site has extra space to accommodate additional α-linked mannose residues at the non-

reducing end of the Manα1-2Man disaccharide, which means that dectin-2 can bind to the 

Manα1-2Man epitope in internal positions in Candida albicans mannans. Hence, although 

dectin-2 has a lower binding affinity for Manα1-2Man disaccharide than DC-SIGN, extensive 

binding is possible through binding to repeat units in the pathogenic polysaccharides rather 

than the terminal sugars (Feinberg et al., 2017). 

 The major role of dectin-2 is to provide protection against fungal pathogens. In a study of 

differential involvement of C-type lectins in response to four invasive Candida strains, dectin-

2 was shown to mediate clearance of all four species, whilst mincle was only responsible for 

clearance of one species (Thompson et al., 2021). The importance of the transmembrane 

adaptor molecule FcRγ during phagocytosis of fungal cargo by dectin-2 or mincle has been 

investigated, which suggests deficiency of FcRγ, dectin-2 or mincle impaired macrophage 

migration, engulfment and phagosome maturation (Haider et al., 2019). 
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 A striking demonstration of the essential role of dectin-2 in protection against fungal 

infection is the case of an immunocompromised patient with an N170I mutation in dectin-2, 

who developed and died of complications of invasive aspergillosis. Structural modelling of the 

dectin-2 N170I mutant suggests that the change would lead to incorrect protein folding and in 

vitro experiments show minimal surface expression of functional dectin-2 (Griffiths et al., 2021). 

 Dectin-2 also binds to Man-LAM, a mannose-capped lipoarabinamannan on M. 

tuberculosis (Yonekawa et al., 2014) and KW3110, a strain of probiotic lactic acid bacteria that 

displays an α-mannose-type surface glycan (Yoshikawa et al., 2021). Similar to interaction of 

mincle with L. brevis, stimulation by KW3110 activates macrophages to secrete anti-

inflammatory cytokines IL-10 and upregulates expression of dectin-2 (Yoshikawa et al., 2021). 

 An endogenous ligand, β-glucuronidase, also binds to dectin-2 and this binding is partially 

facilitated by N-linked glycans on the ligand. However, binding is not completely eliminated 

when the asparagine residues in all four N-glycosylation sites in β-glucuronidase are mutated 

to glutamine residues, so the exact mode of interaction between dectin-2 and β-glucuronidase 

remains unclear (Mori et al., 2017). It was proposed that recognition of self-glycans contributes 

to an immune surveillance function, in which abnormal cell surface glycoproteins exposing 

terminal mannose structures can be sensed in the same way that dectin-2 senses high-

mannose glycans that are commonly expressed on yeast surfaces (Mori et al., 2017). 

 

BDCA-2 
 Plasmacytoid dendritic cells are dendritic cell precursors found in peripheral blood, thymus, 

and secondary lymphoid tissue. These pre-dendritic cells are marked by expression of CD4, 

CD123, HLA-DR, CD68, ILT3, and CD45RA, but markers for myeloid dendritic cells such as 

CD11c and ILT-1, or for other hematopoietic lineages such as CD3, CD14, CD16, CD19, CD20, 

and CD56 are absent. Generation of monoclonal antibody against blood dendritic cells 

identified BDCA-2 and BDCA-4 as two specific markers for plasmacytoid dendritic cells 

(Dzionek et al., 2000). 

 Plasmacytoid dendritic cells express endosomal TLR-7 and TLR-9 which recognize 

microbial RNA or DNA respectively. Under physiological circumstances, TLR signalling 

induces massive production of type I interferons (IFN-I) by these cells which constitutes a major 

innate immune defence against viral infections. In systemic lupus erythematosus conditions, 

plasmacytoid dendritic cells show aberrant migration from blood and accumulate in affected 

organs such as skin or kidneys. Persistent stimulation of TLR-7 and TLR-9 by autoreactive 

immune complexes are suspected to be the primary cause of IFN-I release and systemic lupus 

erythematosus disease progression (Pellerin et al., 2015). BDCA-2 reduces IFN-I production 

regardless of the IFN-I-inducing stimulus (Cao et al., 2007). Therefore, BDCA-2 has been an 

appealing target for downregulating IFN-I production in systemic lupus erythematosus. 
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However, due to the previously unfilled knowledge gap on natural ligands of BDCA-2, the most 

promising BDCA-2-targeted therapy which recently entered phase I human trial, still has to rely 

on anti-BDCA-2 monoclonal antibodies for triggering anti-inflammatory signalling (Furie et al., 

2019). Identification of several desialylated serum glycoproteins that bind to BDCA-2 at 

physiological concentrations provides a new perspective for targeting of BDCA-2 by exploiting 

its glycan-binding function, although to what extent the natural ligands can induce BDCA-2 

internalization remains to be evaluated (Kim et al., 2018). 

 Orthologs of BDCA-2 have been identified in multiple mammalian species, including 

human, gorilla, chimpanzee, bats and tree shrews. Although human BDCA-2 has 50.7% amino 

acid identity in overall sequence with murine dectin-2, there is no orthologue of BDCA-2 in 

mouse (Dzionek et al., 2001). BDCA-2 has an extracellular sugar-binding domain that 

preferentially binds to oligosaccharides with a Galβ1-3/4GlcNAcβ1-2Man epitope, which can 

be found on a subset of desialylated serum proteins including α2-macroglobulin and 

immunoglobulins A1, A2, G and M (Kim et al., 2018). Although the primary sugar-binding site 

of BDCA-2 is occupied by a mannose residue at the reducing end of the Galβ1-3/4GlcNAcβ1-

2Man trisaccharide competition assays show that addition of an N-acetylglucosamine and 

galactose to the non-reducing end of this mannose increases affinity by nearly 1,000 fold, to 

9.2 µM. BDCA-2 CRD binds to a biantennary galactose-terminated glycan with a 20-fold higher 

affinity than that for a biantennary glycan with one Galβ1-3/4GlcNAcβ1-2Man terminal 

structure or a Galβ1-3/4GlcNAcβ1-2Man trisaccharide (Jégouzo et al., 2015). Taken together, 

these observations show that both N-acetylglucosamine and galactose residues in the Galβ1-

3/4GlcNAcβ1-2Man epitope contribute to binding to galactose-terminated complex N-linked 

glycans (Jégouzo et al., 2015). 

 

Signalling pathways activated by mincle-family receptors 
 Since the mincle family receptors lack intracellular signalling motifs, association with the 

ITAM-bearing FcRγ adaptor molecule is required for signalling initiation. Immunoprecipitation 

studies show that, when activated, all three receptors associate with FcRγ and initiate either a 

pro-inflammatory signalling pathway through Syk/CARD9/Bcl-10/MALT1 or an anti-

inflammatory signalling pathway through Syk/BLNK/PLCγ2 (Drummond et al., 2011; Cao et al., 

2007). Sequence alignment suggests that association of mincle with FcRγ is mediated by 

electrostatic interaction between the positively charged arginine in the transmembrane helix of 

mincle and the negatively charged aspartate at the similar level in the adaptor molecule (Fig. 

1.7B), as seen with the FcαR-FcRγ and GPVI-FcRγ models discussed above. However, the 

intramembrane basic residue is not conserved in BDCA-2 or dectin-2 and the only conserved 

features across all of the receptors are one of the intramembrane cysteine residues and 

clusters of aromatic residues at key positions (Fig 1.8). The CD16A-FcRγ model suggests that 
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conservation of some of these aromatic residues in the membrane regions may direct 

association with FcRγ. One intramembrane cysteine residue is also conserved in all of the 

mincle family members, suggesting that it may play a critical role. 

 It remains to be established how Syk is stimulated through FcRγ. A conformational change 

model is unlikely because the sugar-binding affinities of mincle family receptors are low 

compared with G-protein coupled receptors, which exhibit a binding affinity at 1 nM, providing 

sufficient free energy for conformational changes. The dimerization model of EGF receptor is 

impossible because mincle family receptors do not have intracellular tyrosine kinase domains. 

The force-sensing model of T-cell receptor-CD3 is also unlikely because the tangential force 

is generated as a consequence of relative movement between T cell and an antigen-presenting 

cell, but the ligand bound by the mincle family receptor is too small compared with a 

mammalian cell to generate a force at the same level of strength. Thus, a clustering 

mechanism seems most likely, but the molecular details of how this occurs remain to be 

established. 
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Figure 1.8. Sequence alignment of mincle family receptors. Asterisk and dot indicate 
perfectly conserved and well-conserved position in the transmembrane domain and primary 
sugar-binding site of mincle family receptors. 
 
 

Structural features of mincle-family members 
 In spite of the fact that the mincle family members bind distinct oligosaccharide ligands, 

the CRDs share many common features. The surface of a C-type CRD formed from the N- 

and C-termini of the polypeptide is commonly involved in interactions between CRDs in 

receptor oligomers. This surface is on the opposite side of the CRD from the sugar-binding 

site. In the trimers of mannose-binding protein and langerin, interactions between the N-

terminal portion of the CRDs in one monomer and the neck of another monomer are important 

for both oligomer formation and spacing of the CRDs. These interactions hold the CRDs in 

fixed orientations, which enhance their binding to dense sugar patterns on relatively flat 

surfaces (Weis et al., 1992; Feinberg et al., 2010). 

 While a minimal CRD is present in all C-type lectins, the mincle family receptors are 

amongst the few that have an N-terminal extension to the minimal CRD containing an extra 

disulfide bond (Fig. 1.9A/B) (Feinberg et al., 2016; Feinberg et al., 2017). Structural analysis 

shows that this extra disulfide bond locks a stretch of amino acids in a β-hairpin structure, 

which extends these CRD (Fig. 1.9C). However, none of the crystal structures of C-type lectin 

oligomers involve CRDs with extended N-termini such as those seen in the mincle family 

members. 
  

                                                                    ∙                      * *      ∙      ∙     

Human Mincle MNSSKSSETQCTERGCFSSQMFLWTVAGIPILFLSACFITRCVVTFRIFQTCDEKKFQL----  59 
Human MCL MCLMGLEKPQSKLEGGMHPQLIPSVIAVVFILLLGVCFIASCLVTHHNFSRCKRGTGVHK---  60 
Human Dectin-2 MMQEQ--QPQSTEKRGW-LSLRLWSVAGISIALLSACFIVSCVVTYHFTYGETGKRLSEL---  57 
Human BDCA-2 MVPEE--EPQDREKGLWWFQLKVWSMAVVSILLLSVCFTVSSVVPHNFMYSKTVKRLSKLREY  61 

        CRD → 
Human Mincle PENFTELSCYNYGSGS------VKNCCPLNWEYFQSSCYFFSTDTISWALSLKNCSAMGAHL 115 
Human MCL LEHHAKLKCIKEKSELKSAEGSTWNCCPIDWRAFQSNCYFPLTDNKTWAESERNCSGMGAHL 122 
Human Dectin-2 HSYHSSLTCFSEGTKV-----PAWGCCPASWKSFGSSCYFISSEEKVWSKSEQNCVEMGAHL 114 
Human BDCA-2 QQYHPSLTCVMEGKDI-----EDWSCCPTPWTSFQSSCYFISTGMQSWTKSQKNCSVMGADL 118 
 
                                                                                                                          *  ∙          

Human Mincle VVINSQEEQEFLSYKKPKMREFFIGLSDQVVEGQWQWVDGTPLTKSLSFWDVGEPNNIAT 175 
Human MCL MTISTEAEQNFIIQFLDRRLSYFLGLRDENAKGQWRWVDQTPFNPRRVFWHKNEPDNSQ- 181 
Human Dectin-2 VVFNTEAEQNFIVQQLNESFSYFLGLSDPQGNNNWQWIDKTPYEKNVRFWHLGEPNHS-- 172 
Human BDCA-2 VVINTREEQDFIIQNLKRNSSYFLGLSDPGGRRHWQWVDQTPYNENVTFWHSGEPNNL-- 176 
 
                            *                            * *       
Human Mincle LEDCATMRDSSNPRQNWNDVTCFLNYFRICEMVGINPLNKGKSL 219 
Human MCL GENCVVLVYNQD-KWAWNDVPCNFEASRICKIPGTTLN------ 218 
Human Dectin-2 AEQCASIVFWKPTGWGWNDVICETRRNSICEMNKIYL------- 209 
Human BDCA-2 DERCAIINFRSSEEWGWNDIHCHVPQKSICKMKKIYI------- 213 
 
Transmembrane domain  N-linked glycosylation sites  

Basic residue that interacts with FcRγ Aromatic residues that may interact with FcRγ 

Primary sugar-binding sites Variant residue in MCL binding site 
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A 

 
B 
 Human Mincle LSCYNYGS------GSVKNCCPLNWEYFQSSC 
 Mouse Mincle LSCYSEAS------GSVKNCCPLNWKHYQSSC 
 
 Human MCL LKCIKEKSELKSAEGSTWNCCPIDWRAFQSNC 
 Mouse MCL VTCIREE-PQPGATGGTWTCCPVSWRAFQSNC 
 
 Human Dectin-2 LTCFSEGV---STKVPAWGCCPASWKSFGSSC 
 Mouse Dectin-2 LTCFSEGT-----MEKMWGCCPNHWKSFGSSC 
 
 Human BDCA-2 LTCVMEGK-----DIEDWSCCPTPWTSFQSSC 
 
 Human DCIR LECVKKNM---PVEETAWSCCPKNWKSFSSNC 
 Mouse DCIR1 LNCTKSVS---PMEDKVWSCCPKDWRLFGSHC 
 Mouse DCIR2 LNCIKNGS---LMEDKVWSCCPKDWKPFVSHC 
 Mouse DCIR3 LECTKWAS---LLEDKVWSCCPKDWKPFGSYC 
 Mouse DCIR4 LHCVKNHS---SVEDKVWSCCPKNWKPFDSHC 
 Mouse DCAR1 LICFSEGT---TVSEKVWSCCPKDWKPFGSYC 
 
 Human ASGPR-H1 LSCQMAALQGN---GSERTCCPVNWVEHERSC 
 Mouse ASGPR-H1 LSCQMAAFRGN---GSERICCPINWVEYEGSC 

C 

  
 
Figure 1.9. N-terminal extensions in a subset of C-type CRDs. (A) Positions of conserved 
disulfide bonds in minimal C-type CRDs, numbered 1 – 3, and extra disulfide bond found in 
extended CRDs is shown in cyan. (B) Sequences of extended CRDs, with cysteine residues 
that form conserved disulfide bond 3 highlighted in yellow and cysteine residues in the extra 
disulfide bond highlighted in cyan. (C) Structure of the extended CRDs of mincle (cyan), dectin-
2 (green) and BDCA-2 (pink) based on PDB files 5KTI, 5VYB, 4ZES. Enlarged views of the 
boxed regions, containing the hairpin loop formed by the N-terminal extensions are shown at 
the bottom. The extra disulfide bond is labelled for each receptor. 
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 In contrast to the CRDs, the neck region between the transmembrane domain and the 

CRD is poorly conserved in the mincle family members (Fig. 1.8). A cysteine residue is present 

in the neck regions of mincle and MCL, but not in dectin-2 and BDCA-2. N-linked glycosylation 

sites are also present in some cases but not in others. In addition, the neck sequences lack 

the characteristic heptad repeat of hydrophobic residues associated with coiled-coil formation 

in other C-type lectins. The absence of a helical neck and the presence of an extended CRD 

in mincle family receptors might allow flexibility in both the neck region and the orientation of 

sugar-binding sites, which would enable the receptors to engage avidly with glycans with a 

broader range of spacings (Feinberg et al., 2016). However, there is no experimental evidence 

regarding the conformation of the neck or its flexibility. 

 

Dectin-2 CRDs crosslinked by two branches of an oligosaccharide 
 Crystals of dectin-2 CRD in complex with Man9GlcNAc2 oligosaccharide shows strong 

electron density for the portion containing two trisaccharide branches joined by a mannose 

residue, Manα1-2Manα1-3(Manα1-2Manα1-3Manα1-6)Man. The electron density is clear for 

the two α1-2-linked mannose residues at the non-reducing ends. The remaining electron 

density corresponds to the Manα1-3(Manα1-6)Man moiety, which can be fitted into both 

orientations about the crystallographic 2-fold axis, meaning the Man9GlcNAc2 oligosaccharide 

can be bound in both orientations. Consequently, the electron density-fitting model shows that 

two dectin-2 CRD molecules can be crosslinked by two branches of the Man9GlcNAc2 

oligosaccharide with different covalent structures: Manα1-2Manα1-3Man in the D1 branch and 

Manα1-2Manα1-3Manα1-6 in the D2 branch (Fig. 1.10). In each branch, the sub-terminal 

mannose occupies the primary sugar binding site and makes hydrophobic interactions with 

Trp182 in the secondary sugar-binding site of each dectin-2 CRD (Feinberg et al., 2017). The 

structural analysis of dectin-2 CRDs crosslinked by a single Man9GlcNAc2 oligosaccharide 

suggests a model in which signalling is initiated when receptors are clustered by crosslinking 

of a single ligand (Fig. 1.11). 
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Figure 1.10. Crystal structure of dectin-2 bound to high mannose oligosaccharide. Two 
dectin-2 CRDs can be crosslinked by the D1 branch and the D2 branch of a single 
Man9GlcNAc2 oligosaccharide ligand (PDB entry: 5VYB). The boxed region is shown in an 
enlarged view at the bottom. Carbon backbones of the sugar molecules are shown in yellow. 
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Figure 1.11. Proposed crosslinking of dectin-2 dimers by oligosaccharide ligands. Two 
preformed dectin-2 dimers are brought close together by binding to two branches of a single 
oligosaccharide ligand. 
 
 

1.5 Plan of thesis 
 The material discussed in this chapter suggests that ligand-induced clustering of mincle 

family receptors, and hence the ITAM motifs in their associated FcRγ polypeptides, is likely to 

initiate signalling. Aspects of this model are investigated in the following chapters by analysis 

of the existence and arrangement of receptor oligomers. In Chapters 2 and 3, expression in 

eukaryotic cells and analysis of purified receptor fragments are used to demonstrate the 

existence of preformed receptor dimers and to define the role of disulfide bonds in stabilization 

of these dimers. In Chapters 4 and 5, bacterial expression systems are developed to mimic 

the natural dimers, providing a basis for interpreting existing structural information and for 

undertaking additional structural analysis. Chapter 6 describes the resulting model of rigid 

receptor dimers that can be brought together into larger clusters by multivalent ligands. 
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Chapter 2 | Oligomeric structure of BDCA-2 
 

2.1 Introduction 
 Blood dendritic cell antigen 2 (BDCA-2) is uniquely found on the surface of plasmacytoid 

dendritic cells, which account for up to 0.5% of the human peripheral blood cells and produce 

a high level of type I interferon (IFN-I) in response to viral infection (Dzionek et al., 2000; Reizis 

et al., 2011; Swiecki and Colonna, 2015). It binds in a Ca2+-dependent manner to glycans 

containing the Galβ1-3/4GlcNAcβ1-2Man epitope, which are commonly found on a subset of 

serum proteins, such as α2-macroglobulin and immunoglobulins A1, A2, G and M (Jégouzo et 

al., 2015; Kim et al., 2018). It has a well-documented role in suppressing inflammation in 

autoimmune diseases, such as systemic lupus erythematosus. A monoclonal antibody against 

BDCA-2 has been developed to enhance anti-inflammatory BDCA-2 signalling and thus to 

reduce surface expression of the pro-inflammatory receptor CD32 (Pellerin et al., 2015). 

 Comparison of BDCA-2 and other mincle family members reveals that the portions of 

dectin-2 and BDCA-2 that precede the CRD are closely related to each other, while mincle and 

MCL are similar to each other (Fig. 2.1). However, the neck regions of these receptors are not 

highly conserved and do not have obvious structural motifs. For example, N-linked 

glycosylation sites and cysteine residues are present in mincle and human MCL, but not in 

human dectin-2 or BDCA-2. 

 

 
Cow Mincle  MNSSTSPASQTERRCFSFQLFSWAIAGTSILLLSACFITRCVVTYSIFQLCDEKKFQPPGDSME 
Human Mincle MNSSKSSETQCTERGCFSSQMFLWTVAGIPILFLSACFITRCVVTFRIFQTCDEKKFQLPENFTE 
Human MCL    MGLEKPQSKLEGGMHPQLIPSVIAVVFILLLGVCFIASCLVTHHNFSRCKRGTGVHKLEHHAK 
Human Dectin-2    MMQEQQPQSTEKRGWLSLRLWSVAGISIALLSACFIVSCVVTYHFTYGETGKRLSELHSYHSS 
Human BDCA-2   MVPEEEPQDREKGLWWFQLKVWSMAVVSILLLSVCFTVSSVVPHNFMYSKTVKRLSKLREYQQYH 
                                                     35 
 

Figure 2.1. Sequences of the N-terminal regions that precede the CRDs of BDCA-2 and 
other mincle family receptors. Transmembrane domains are highlighted in green. Cysteine 
residues are highlighted in yellow. Sequences are aligned based on the positions of the 
intramembrane cysteine residues. Positively charged residues that are presumed to be within 
the membrane are shaded in red. N-linked glycosylation sites in the neck regions are shown 
in magenta. 
 
 

 Prior to this project, a human embryonic kidney cell line co-transfected with wild-type 

human BDCA-2 and FcRγ had been generated for studying the organization of BDCA-2 (Fig. 

2.2). Co-expression was achieved using vectors containing cytomegalovirus promoters and an 

internal ribosome re-entry site from the encephalomyocarditis virus (EMCV) to allow co-

selection with two different antibiotic resistance genes. HEK 293 cells were chosen for 

transfection because they enable correct formation of disulfide bonds of the polypeptide in the 

oxidative environment of endoplasmic reticulum. The mammalian cell system also allows 
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appropriate processing of the N-linked glycosylation to occur. The state of processing of the 

glycans provides information on the intracellular trafficking of the receptor to the plasma 

membrane. Methods of affinity purification of BDCA-2 had been established and sensitive 

rabbit polyclonal antiserum for detecting BDCA-2 had been generated. On western blots, a 

band corresponding to a covalently linked dimer of BDCA-2 was shown to be an artefact 

resulting from oxidation of an intramembrane cysteine residue during purification. The dimer 

could be eliminated by pretreating the cell lysates with alkylating reagents such as N-

ethylmaleimide before isolating the protein. However, chemical crosslinking experiments 

showed that alkylated BDCA-2 can still be crosslinked into a dimer (Kim, 2018). Thus, it was 

known that wild-type BDCA-2 naturally forms a dimer that is not disulfide-linked. To confirm 

that the covalently linked dimer of BDCA-2 generated during purification resulted from reaction 

of the intramembrane cysteine residue (Cys35), a transfected HEK cell line co-expressing 

BDCA-2 Cys35Ala, lacking this intramembrane cysteine residue, along with FcRγ, was 

generated (Kim, 2018). 

 

 

 
Figure 2.2. Expression plasmids for BDCA-2 and FcRγ. Expression of BDCA-2 and FcRγ 
is driven by the cytomegalovirus (CMV) promoter. Genes encoding resistance to zeocin or 
hygromycin B following an internal ribosome re-entry site (IRES). 
 
 

 This chapter describes further biochemical analysis of the role of cysteine residues in the 

oligomeric structure of BDCA-2. The results clarify the different states of processing of N-linked 

glycans attached to the polypeptide and confirm that the intramembrane cysteine is not 

required for dimer assembly, association with FcRγ or trafficking out of the endoplasmic 

reticulum. In addition, a naturally occurring variant of BDCA-2 with a cysteine residue in the 

extracellular neck region has been shown to form covalent dimers. 
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2.2  Results 
Glycan processing in wild-type BDCA-2 
 Following extraction of BDCA-2 from transfected HEK 293 cells and affinity purification on 

an immobilized glycopeptide-agarose column, SDS-polyacrylamide gel electrophoresis 

reveals two bands (Kim, 2018). Following PNGase digestion, the two bands collapse into a 

single, lower-molecular weight band, indicating that these bands represent different 

glycosylation states of BDCA-2. The extracellular domain of BDCA-2 contains three sites for 

N-linked glycosylation, all of which are found in the CRD (Fig. 2.3). 

 The basis for the difference in glycosylation patterns was examined by Endo Hf digestion 

in parallel with PNGase F digestion. High-mannose glycans can be removed from 

glycoproteins by Endo Hf digestion, while glycoproteins with complex glycans are resistant to 

Endo H, but the glycans can be removed by PNGase (Fig. 2.4A). Digestion of purified BDCA-

2 confirms that both forms can be fully deglycosylated by PNGase, but only the lower band of 

BDCA-2 can be digested by Endo H (Fig. 2.4B). Thus, the lower band represents a form 

bearing high mannose oligosaccharides, while the glycans on the upper band have been 

processed to complex glycans. Since high-mannose glycosylation occurs in the endoplasmic 

reticulum and further processing occurs after the membrane-targeted glycoprotein is 

transported into the Golgi apparatus, the difference in glycosylation patterns indicates part of 

the BDCA-2 extracted during this experiment had been transported to the cell surface, but part 

of the protein potentially retained in the endoplasmic reticulum. 

 

 
Figure 2.3. Polypeptide sequence of human BDCA-2. Transmembrane domains are 
highlighted in green. N-linked glycosylation sites are highlighted in magenta. Intramolecular 
disulfide bonds of the CRD are indicated by black lines. Residues that coordinate Ca2+ at the 
primary binding site are highlighted in cyan. 
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Figure 2.4. Membrane location of wild-type BDCA-2. (A) Deglycosylation reaction catalyzed 
by Endo Hf and PNGase F. (B) SDS-polyacrylamide gel electrophoresis of BDCA-2 digested 
with endoglycosidases. One 75 cm2 flask of confluent cells were used. Purified BDCA-2 was 
dissolved in 0.5% SDS and 40 mM dithiothreitol. NP-40 and PNGase F or Endo Hf were added 
to the denatured protein. After 15 min incubation at 37 ̊ C, samples were separated on an SDS-
polyacrylamide gel and blotted onto nitrocellulose and visualized with antibody to BDCA-2. 
Experiment was performed twice. 
 
 

Characterization of BDCA-2 lacking an intramembrane cysteine residue 
 Affinity purification of both wild-type BDCA-2 and the Cys35Ala mutant lacking the 

intramembrane cysteine residue, demonstrated co-elution of FcRγ in the major fractions (Fig. 

2.5). A 50-kDa band was consistently detected on the anti-FcRγ blot, but not on the anti-BDCA-

2 blot. This result suggests that the high-molecular weight band is not a complex of BDCA-2 

and FcRγ, but so far it has not been possible to confirm the identity of this protein. FcRγ forms 

disulfide-linked dimers through a cysteine residue in the short extracellular domain. However, 

since N-ethylmaleimide and 2-mercaptoethanol were used during sample preparation, it is 

unlikely that this 50-kDa band was a disulfide-bonded complex between FcRγ and a nearby 

protein due to oxidation of the free cysteine. 

 Comparing the results for wild-type BDCA-2 and the Cys35Ala mutant lacking the 

intramembrane cysteine shows that this mutation does not affect association with FcRγ, 

because co-purified FcRγ can still be detected (Fig. 2.5A/B). The presence of two bands, 

representing glycosylation with either high mannose or complex N-linked glycans, also 

suggests that movement of the mutant out of the endoplasmic reticulum is not impaired. 
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Figure 2.5. SDS-polyacrylamide gel electrophoresis of BDCA-2 lacking the 
intramembrane cysteine residue. BDCA-2 affinity purified from lysates of two 75 cm2 flasks 
of confluent cells expressing (A) wild type or (B) mutant (Cys35Ala) BDCA-2 was analyzed by 
western blotting of SDS-polyacrylamide gels with anti-BDCA-2 and anti-FcRγ antibodies. Each 
experiment was performed twice. 
 
 

 Chemical crosslinking with bis(sulfosuccinimidyl) suberate (BS3) showed that removal of 

the intramembrane cysteine residue does not affect dimerization of BDCA-2 (Fig. 2.6C). The 

crosslinking pattern for the Cys35Ala mutant is identical to that seen before with the wild-type 

protein (Fig. 2.6B; Kim, 2018), demonstrating that dimer formation in the cells is independent 

of the presence of the intramembrane cysteine residue. For both proteins, the two glycosylated 

forms of BDCA-2 were crosslinked to generate two forms of dimeric BDCA-2. The fact that 

both the intracellular form of the protein, with high mannose oligosaccharides, and the form 

with processed complex glycans can both be crosslinked suggests that dimerization occurs in 

the endoplasmic reticulum. 
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Figure 2.6. SDS-polyacrylamide gel electrophoresis of crosslinked BDCA-2. (A) The 
mechanism of BS3 crosslinking. (B) Wild-type BDCA-2 (data generated by Jong-Won Kim) and 
(C) the Cys35Ala mutant were treated with BS3. Each construct was purified from one 75 cm2 
flask of confluent cells. After incubation at room temperature for 30 min, samples were TCA-
precipitated and separated by SDS-polyacrylamide gel electrophoresis in the presence of 2-
mercaptoethanol and blotted onto nitrocellulose. The blots were developed with anti-BDCA-2 
antiserum. Crosslinking experiment was performed twice for wild-type BDCA-2 and once for 
mutant BDCA-2. 
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Characterization of naturally occurring disulfide-bonded variant of BDCA-2 
 Data mining performed by Yu H Kwok revealed single nucleotide polymorphisms (SNP) 

(rs143790567) in the human BDCA-2 gene that lead to nonsynonymous amino acid changes 

Ser49Gly or Ser49Cys. The Ser49Cys variant is of particular interest, since a cysteine residue 

at this position would be comparable to the cysteine residue in the neck region of mincle, which 

contributes to interchain disulfide bond in mincle as described in Chapter 3 (Fig. 2.7). The 

Genome Aggregation Database recorded that the Ser49Cys allele occurs at a frequency of 

0.000003984 (1 out of 251004 genomes). The individual who is heterozygous for this allele 

comes from a non-Finnish European ethnic background (Table 2.1). 

 These observations suggested that the Ser49Cys version of BDCA-2 might form an 

interchain disulfide bond. The ability for forming such a disulfide bond would provide evidence 

that, in the BDCA-2 dimer, the two copies of the neck region around residue 49 are close to 

each other. In order to study whether the Ser49Cys variant dimerizes in the same way mincle 

does, a full-length construct of BDCA-2 Ser49Cys variant was created for transfection into HEK 

cells. Affinity purification of the BDCA-2 Ser49Cys variant shows unperturbed FcRγ 

copurification and the characteristic double bands of BDCA-2, indicating that some receptors 

transit the Golgi en route to the plasma membrane whilst others were trapped in the 

endoplasmic reticulum (Fig. 2.8). 

 Comparison of reducing and non-reducing SDS-polyacrylamide gels show that the BDCA-

2 Ser49Cys variant forms a disulfide-linked dimer that is dissociated in the presence of 2-

mercaptoethanol (Fig. 2.9). Since the position of the cysteine in BDCA-2 Ser49Cys variant is 

analogous to that in the neck region of wild-type mincle, this result provides direct evidence 

that the BDCA-2 variant is likely to be displayed in a similar orientation as mincle on the 

membrane. 
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                                                                   49 
BDCA-2 wild type  MVPEEEPQDREKGLWWFQLKVWSMAVVSILLLSVCFTVSSVVP-HNFMYSKTVKRLSKLREYQQY 
BDCA-2 variant    MVPEEEPQDREKGLWWFQLKVWSMAVVSILLLSVCFTVSSVVP-HNFMYCKTVKRLSKLREYQQY 
Human Mincle    MNSSKSSETQCTERGCFSSQMFLWTVAGIPILFLSACFITRCVVTFRIFQTCDEKKFQLPENFTE 
 
Figure 2.7. Alignment of N-terminal sequences of mincle and BDCA-2 Ser49Cys variant. 
Transmembrane domains are highlighted in green and the amino acids on either side of 
position 49 are aligned as indicated by grey shading. Cysteine residues are highlighted in 
yellow.  
 
 
Table 2.1. SNP frequency table for BDCA-2 Ser49Cys variant (rs143790567). Data is 
obtained from gnomAD v2.1.1. 
 
 
 Population Allele Allele Number of Allele 
  Count Number Homozygotes Frequency 
 
 
 European (non-Finnish) 1 113628 0 0.000008801 
 European (Finnish) 0  21648 0 0.000 
 African/African American 0  16254 0 0.000 
 Latino/Admixed American 0  34376 0 0.000 
 Ashkenazi Jewish 0  10072 0 0.000 
 East Asian 0  18350 0 0.000 
 South Asian 0  30570 0 0.000 
 Other 0   6106 0 0.000 
 
 XX 1 115314 0 0.000008672 
 XY 0 135690 0 0.000 
 Total 1 251004 0 0.000003984 
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Figure 2.8. SDS-polyacrylamide gel analysis of affinity purified BDCA-2 Ser49Cys 
variant. BDCA-2 purified from one 75 cm2 flask of confluent cells by affinity chromatography 
was examined by western blotting. Experiment was performed twice. 
 

 
 
Figure 2.9. Disulfide-linked dimers of Ser49Cys form of BDCA-2 identified by SDS-
polyacrylamide gel electrophoresis. BDCA-2 was purified from four 75 cm2 flasks of 
confluent cells by affinity chromatography, TCA-precipitated, separated on SDS-
polyacrylamide gels. Blots were developed with anti-BDCA-2 antiserum. Experiment was 
performed twice. 
 
 

2.3 Discussion 
 

 Previous characterization of wild type BDCA-2 expressed in HEK cells, which employed 

N-ethylmaleimide to block free sulfhydryl groups, indicated that the intramembrane sulfhydryl 

group does not play an essential role in stabilizing receptor dimers or the complex with FcRγ. 

The fact that the sulfhydryl groups can form disulfide bonds under oxidizing conditions in the 

absence of the alkylating reagent also largely ruled out the possibility that this group is 

conjugated to another molecule, such as a fatty acid. However, the earlier experiments did not 

rule out the possibility that this group might be important in assembly of the complex. The 

experiments on wild type BDCA-2 and the artificially generated mutant lacking an 

intramembrane cysteine residue reported here demonstrate that this cysteine residue is not 

needed for dimer formation, association with FcRγ or movement out of the endoplasmic 

reticulum. The role of the conserved cysteine residue at the same position in the 

intramembrane portion of all of the mincle-family receptors therefore remains unexplained. 
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 In contrast, analysis of the naturally occurring variant with a cysteine residue in the neck 

region provides important insights into the arrangement of BDCA-2 polypeptides. The ability 

of the variant form to make disulfide bonds provides direct evidence that the neck regions of 

two BDCA-2 polypeptides must interact closely in the dimer. This arrangement is likely to be 

similar to the arrangement of mincle, as described in Chapter 3. The observation that the neck 

is likely to form part of the dimer interaction provides a basis for further analysis of the 

arrangement of the extracellular domain described further in Chapter 5. 
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Chapter 3 | Identification of an interchain disulfide-forming cysteine residue in mincle 
 

3.1 Introduction 
 Mincle, the macrophage-inducible C-type lectin was first reported as a transcriptional 

target of NF-IL6, a nuclear factor that can activate macrophages in a NO-independent pathway 

in defence against Listeria infections and tumour cytotoxicity (Matsumoto et al., 1999; Tanaka 

et al., 1995). Strong conservation of mincle in mammals, but not beyond this in birds or reptiles, 

suggests that mincle may have evolved in mammals as a consequence of selective pressures 

to overcome exposure to different sets of viruses, bacteria and fungi, as seen with the 

divergence of other mammalian-specific lectins in the process of evolution (Rambaruth et al., 

2015). 

 Attempts to study mincle organization on the cell surface include an investigation by 

Lobato-Pascual and colleagues (2013), which showed disulfide bonded heterodimers of mincle 

and MCL can be formed in HEK cells cotransfected with both receptors. However, due to the 

low expression level of mincle when it was transfected alone or with FcRγ in HEK transfectants, 

the oligomeric state of mincle itself has not previously been investigated. Thanks to the 

established affinity purification method for bacterially expressed mincle CRD (Feinberg et al., 

2013), we were able to purify full-length mincle from HEK cells coexpressing mincle and FcRγ 

and could perform analytical studies on the purified proteins. 

 This chapter describes the identification of mincle as a naturally occurring disulfide-linked 

homodimer. Since two of the potential inter-chain disulfide-forming cysteine residues reside in 

the transmembrane domain and one is in the stalk region (Fig. 2.1), it was important to define 

which cysteine residues are responsible for mincle dimerization. Although it has been reported 

that transmembrane cysteine residues are capable of forming inter-chain disulfide bonds, such 

as ζζ dimer in the T cell receptor complex (Rutledge et al., 1992), the role of the neck cysteine 

residue in mincle dimerization was investigated initially because it is exposed to a more 

oxidizing environment. The significance of the neck cysteine residue in forming mincle 

homodimers was investigated by examining purified mutant proteins on reducing or non-

reducing SDS-polyacrylamide gels, followed by immunoblotting with anti-mincle antibody. 

Understanding how mincle oligomerizes on the cell surface provides a model to be compared 

with related receptors, such as MCL, BDCA-2 and dectin-2. It also helps to build a picture of 

how the ligand-receptor interaction triggers immune signalling. 
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3.2  Results 
Characterization of wild-type mincle 
 A plasmid encoding full-length mincle was digested with Not1 and Xba1, and the digestion 

product was inserted into a pSF-CMV-EMCV-Zeo vector (Oxford Genetics). Expression of 

mincle is driven by the cytomegalovirus promoter and selection is produced by the zeocin 

resistance gene that follows an internal ribosome re-entry site from the encephalomyocarditis 

virus (Fig. 3.1). 

 

 

 
Figure 3.1. Polypeptide sequence and expression plasmid for wild-type mincle. (A) In 
the mincle sequence, the transmembrane domain is highlighted in green, cysteine residues 
are highlighted in yellow, glycosylation sites are highlighted in magenta and amino acids that 
form the primary sugar-binding site are highlighted in cyan. Locations of intramolecular 
disulfide bonds are indicated by lines. (B) Scheme of expression plasmid. Full-length cDNA for 
wild-type mincle was inserted between the Not1 and Xba1 sites. 
 
 

 Following cotransfection of mincle and FcRγ expression plasmids into HEK 293 cells, cells 

expressing mincle and FcRγ were selected for survival of single colonies that express dual 

resistance to zeocin and hygromycin. Semi-quantitative analysis of expression levels of mincle 

and FcRγ was achieved by western blotting and cell lines expressing higher levels of both 

proteins were expanded and used for affinity purification on trehalose-Sepharose. Affinity 

purification of mincle showed coelution of FcRγ in the major fractions (Fig. 3.2), which is 
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consistent with observations by Yamasaki and colleagues (2008). It was suggested that this 

association is dependent on the opposite charges on the receptor and the adaptor molecule, 

since a mutation of the positively charged arginine residue in mincle to a neutral isoleucine 

disabled the coupling with FcRγ (Yamasaki et al., 2008). 

 The intracellular localization of the mincle was investigated using glycosidases to monitor 

the state of processing of the two N-linked glycans attached to mincle. SDS-polyacrylamide 

gel analysis revealed that the glycans on purified wild-type mincle were removed upon 

treatment with PNGase, resulting in a shift of 10 kDa, consistent with loss of 2 N-linked glycans, 

and leaving a polypeptide of Mr = 25.1 kDa, as expected for unglycosylated mincle. In contrast, 

there was very little Endo Hf-susceptible glycoprotein, which would correspond to material in 

the early secretory pathway, with high mannose oligosaccharides. These results suggest that 

almost all of the mincle molecules have undergone complete glycosylation and have been 

transported to the plasma membrane (Fig. 3.3). 
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Figure 3.2. Western blotting of affinity purified wild-type mincle and co-purified FcRγ. 
Mincle was purified on a 2-ml trehalose-Sepharose column from lysates of one 75 cm2 flask of 
confluent cells. Elution fractions 5 to 7 were pooled, precipitated with TCA, and separated on 
SDS-polyacrylamide gels in the absence or presence of 2-mercaptoethanol. Blots were 
developed with anti-mincle and anti-FcRγ antibodies. Experiment was performed three times. 
 
 

 
 
Figure 3.3. Western blotting of endoglycosidase-digested wild type mincle to determine 
its location within cells. Wild-type mincle was purified from one 75 cm2 flask of confluent 
cells, TCA-precipitated, and dissolved in 0.5% SDS and 40 mM dithiothreitol. The denatured 
protein was digested with PNGase F or Endo Hf for 15 min at 37 ˚C and analyzed by western 
blotting with anti-mincle antibody. Experiment was performed once. 
 
 

Characterization of mincle lacking cysteine in the extracellular neck region 
 In order to determine which cysteine residue is responsible for mincle dimerization, 

mutants with either only the single neck cysteine mutated to alanine (Cys52Ala) or with both 

of the transmembrane cysteine residues replaced by alanine (Cys37Ala and Cys42Ala) were 

generated as shown in Fig. 3.4. DNA segments from the NotI site to the SacI site that code for 

mutation of cysteine residues in either the transmembrane domain or the neck domain (Fig. 

3.4) were synthesized and inserted into NotI and SacI-digested expression plasmid. The 

resulting plasmids were co-transfected with FcRγ into HEK 293 cells. 
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A 

 
 
B  Wild-type mincle 
                                                MetAsnSerSerLysSerSerGluThr 
gcggccgccagtgtgatggatatctgcagaattcgcccttaactcgagatgaattcatctaaatcatctgaaaca 
Not1 
GlnCysThrGluArgGlyCysPheSerSerGlnMetPheLeuTrpThrValAlaGlyIleProIleLeuPheLeu 
caatgcacagagagaggatgcttctcttcccaaatgttcttatggactgttgctgggatccccatcctatttctc 
 
SerAlaCysPheIleThrArgCysValValThrPheArgIlePheGlnThrCysAspGlyLysLysPheGlnLeu 
agtgcctgtttcatcaccagatgtgttgtgacatttcgcatctttcaaacctgtgatgagaaaaagtttcagcta 
 
ProGluAsnPheThrGluLeu 
cctgagaatttcacagagctc 
                 Sac1 
 
C  Transmembrane cysteine mutant of mincle 
                                                MetAsnSerSerLysSerSerGluThr 
gcggccgccagtgtgatggatatctgcagaattcgcccttaactcgagatgaattcatctaaatcatctgaaaca 
Not1 
GlnCysThrGluArgGlyCysPheSerSerGlnMetPheLeuTrpThrValAlaGlyIleProIleLeuPheLeu 
caatgcacagagagaggatgcttctcttcccaaatgttcttatggactgttgctgggatccccatcctatttctc 
 
SerAlaAlaPheIleThrArgAlaValValThrPheArgIlePheGlnThrCysAspGlyLysLysPheGlnLeu 
agtgccgctttcatcaccagagccgttgtgacatttcgcatctttcaaacctgtgatgagaaaaagtttcagcta 
 
ProGluAsnPheThrGluLeu 
cctgagaatttcacagagctc 
                 Sac1 
 
D  Neck cysteine mutant of mincle 
                                                MetAsnSerSerLysSerSerGluThr 
gcggccgccagtgtgatggatatctgcagaattcgcccttaactcgagatgaattcatctaaatcatctgaaaca 
Not1 
GlnCysThrGluArgGlyCysPheSerSerGlnMetPheLeuTrpThrValAlaGlyIleProIleLeuPheLeu 
caatgcacagagagaggatgcttctcttcccaaatgttcttatggactgttgctgggatccccatcctatttctc 
 
SerAlaCysPheIleThrArgCysValValThrPheArgIlePheGlnThrAlaAspGlyLysLysPheGlnLeu 
agtgcctgtttcatcaccagatgtgttgtgacatttcgcatctttcaaaccgcggatgagaaaaagtttcagcta 
 
ProGluAsnPheThrGluLeu 
cctgagaatttcacagagctc 
                 Sac1 
 
Figure 3.4. Mutagenesis strategy for making transmembrane cysteine and neck cysteine 
mutants of mincle. (A) Map of mincle expression plasmid showing region modified in cysteine 
mutants. (B) Sequence of wild-type mincle cDNA encoding cytoplasmic, transmembrane and 
neck domains. (C) and (D) Sequences of synthetic replacement cDNAs, flanked by Not1 and 
Sac1 sites, that encode mutated forms of transmembrane and neck domains. Transmembrane 
domain of the protein sequence is highlighted in green. Mutations in the DNA sequences are 
coloured in red. 
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Figure 3.5. Characterization of oligomeric status and membrane location of affinity-
purified neck cysteine mutant of mincle and its copurification with FcRγ. (A) Sequence 
of mincle with mutated neck cysteine. (B) Western blot analysis of mutant mincle purified by 
affinity chromatography on trehalose-Sepharose and TCA-precipitated. One 75 cm2 flask of 
confluent cells were used. Blots were developed with anti-mincle and anti-FcRγ antibodies. (C) 
Western blot analysis of mutant mincle digested with endoglycosidases after purification from 
one 75 cm2 flask of confluent cells. After 15 min incubation at 37 ˚C, samples were separated 
on an SDS-polyacrylamide gel in the presence of 2-mercaptoethanol. Mincle was detected 
with anti-mincle antibody. Each experiment was performed twice. 
 
 

 Characterization of mincle lacking the cysteine residue in the neck revealed that 

elimination of this cysteine residue almost completely abolished dimer formation (left panel, 

Fig. 3.5B), demonstrating that this disulfide is essential for dimerization. Association with FcRγ 

has not been affected in this mutant (right panel, Fig. 3.5B). However, endoglycosidase 

digestion revealed that all of the mutant mincle is susceptible to Endo Hf digestion, indicating 

that this mutant bears high-mannose glycans (Fig. 3.5C). Thus, in the absence of formation of 

disulfide-crosslinked dimers, the protein is retained in the endoplasmic reticulum instead of 

being expressed on the cell surface. 

 Chemical crosslinking was used to determine if the mutant mincle forms dimers that are 

not stabilized by interchain disulfide bonds. After crosslinking, SDS-polyacrylamide gel 

electrophoresis did not show trapping of dimer by the crosslinking reagent (Fig. 3.7A). The 

results suggest in the absence of the neck cysteine residue, mincle does not form a stable 

non-disulfide linked dimer. This contrasts with the results in the previous chapter showing that 

BDCA-2 dimer does not depend on formation of disulfide bonds. 

 

Characterization of mincle lacking intramembrane cysteine residues 
 The results in the previous section show that the two intramembrane cysteine residues do 

not support dimer formation in the absence of the neck region cysteine. In order to see if they 

play a role in dimer formation, the effect of mutating the intramembrane cysteine residues was 

explored. Affinity purification showed that dimers are still observed in the absence of both of 
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the intramembrane cysteine residues (left panel, Fig. 3.6B), although at a reduced level 

compared to wild type. As with the neck region mutant, copurification of FcRγ was still 

observed (right panel, Fig. 3.6B). Glycosylation analysis of mincle lacking the intramembrane 

cysteine residues revealed three protein bands in the untreated sample (Fig. 3.6C). The top 

band and a small proportion of the middle band were Endo Hf-resistant while the majority of 

the middle band and all of the bottom band were shifted down upon Endo Hf treatment. The 

segregation of the middle band could be explained if it is composed of two species of protein 

molecules. The difference in molecular weights between the Endo Hf-resistant species in the 

middle band and the intact protein could be due to proteolytic cleavage, while the molecular-

weight difference between the Endo Hf-prone species in the middle band and the intact protein 

could be explained by deglycosylation of high-mannose glycans. The existence of the bottom 

band could be explained by a combination of proteolysis and deglycosylation of high-mannose 

glycans. Chemical crosslinking with BS3 also confirmed the presence of dimer (Fig. 3.7B). 

 

 

 
 
Figure 3.6. Characterization of oligomeric status and membrane location of affinity-
purified intramembrane cysteine mutant of mincle and its copurification with FcRγ. (A) 
Sequence of mincle intramembrane cysteine mutant. (B) Western blot analysis of 
intramembrane cysteine mutant of mincle purified from one 75 cm2 flask of confluent cells by 
affinity chromatography on trehalose-Sepharose and separated on SDS-polyacrylamide gels 
in the absence or presence of 2-mercaptoethanol. (C) Western blot analysis of intramembrane 
cysteine mutant of mincle digested with endoglycosidases after purification. One 75 cm2 flask 
of confluent cells were used. Samples were separated on an SDS-polyacrylamide gel in the 
presence of 2-mercaptoethanol. Each experiment was performed twice. 
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Figure 3.7. BS3-crosslinking of mincle mutants. Western blot analysis of mincle lacking the 
cysteine residue in the neck (A) or cysteine residues in the transmembrane domain (B). One 
75 cm2 flask of confluent cells were used for each mutant. Proteins were purified from by affinity 
chromatography, transferred to 150 mM NaCl, 25 mM HEPES pH 7.8, 2.5 mM EDTA, and 
treated with crosslinking reagent. After 30 min incubation at room temperature, samples were 
precipitated by trichloroacetic acid and separated on SDS-polyacrylamide gels in the presence 
of 2-mercaptoethanol. Blots were developed with anti-mincle antibody. Each experiment was 
performed once. 
 
 

3.3 Discussion 
 In summary, the work presented in this chapter shows for the first time that wild-type 

mincle forms a disulfide-linked homodimer. Further investigation of the role of cysteine 

residues in the transmembrane domain and the neck region of mincle by creating HEK cell 

lines transfected with mincle mutants confirmed that the neck cysteine residue is indispensable 

for forming the interchain disulfide bond. Although the transmembrane cysteine residues are 

not necessary for mincle dimerization, emergence of heterogeneous species in the 

transmembrane cysteine mutant of mincle suggests these cysteines may help with the correct 

processing of mincle and transport to the cell surface. 
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Chapter 4 | Extracellular domain fragments of mincle 
 

4.1 Introduction 
 The results described in the previous two chapters show that interactions in the neck 

regions of the mincle family receptors form part of the dimer interface in these receptors and 

that this interface includes an interchain disulfide bond in the cases of mincle and the variant 

form of BDCA-2. Bacterial systems for expression of the dimeric extracellular domains could 

provide an important tool to facilitate further analysis of how the dimers are organized and how 

the CRDs are presented at the cell surface. This chapter describes several different 

approaches that were used to develop and optimize a system for expressing receptor dimers. 

Mincle was chosen as the target for the initial experiments based on the evidence presented 

in Chapter 3, showing that dimer formation is accompanied by formation of an interchain 

disulfide bond in the neck of mincle. Formation of disulfide-bonded covalent dimers of mincle 

polypeptides could thus be used as an initial indication of successful expression of the target 

oligomer. 

 As discussed in more detail below, much of this work was based on appending 

dimerization domains to mincle. Coiled coils of α-helices are widely used to engineer multi-

stranded structures (Doñate et al., 2000). The α-helices adopt characteristic seven-residue 

repeats, abcdefg, where the first and fourth positions are hydrophobic residues. In this way, 

the hydrophobic side chains from one α-helix can be packed into holes formed by four other 

residues from a neighbouring helix (Woolfson et al., 2012). The oligomeric state of coiled coils 

is significantly impacted by their hydrophobic cores, such that a coiled-coil structure will adopt 

a dimeric topology when positions d are leucine, trimeric topology when both positions are 

isoleucine, and tetrameric topology when positions a and d are leucine and isoleucine (Fig. 

4.1) (Harbury et al., 1993). 

 More recent studies have demonstrated that autonomous assembly of coiled-coil 

structures from two or more inter-winding α-helices is initiated at a specific region of the peptide 

sequence, termed a trigger sequence, towards the C terminus of the coiled-coil structure. This 

theory was developed by Fletcher and colleagues (2012), who addressed the importance of 

placing an asparagine residue at position a in the first heptad of the trigger sequence instead 

of a default isoleucine to allow formation of stable dimeric coiled coils. Others have reported 

that when an E-abcdK motif is changed to R-abcdE in the trigger sequence of a GCN4 coiled 

coil, its topology is changed from a dimer to a trimer (Ciani et al., 2010). Using these concepts, 

amino acid sequences for forming 2-helix, 3-helix, and 4-helix coiled-coil structures have been 

extensively characterized (Fletcher et al. 2012). 
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Figure 4.1. Dimeric, trimeric, and tetrameric coiled-coil structures of GCN4 dimerization 
domains. In the dimeric structure (PDB entry: 2ZTA), leucine residues at position d are 
coloured magenta. In the trimeric structure, isoleucine residues at both positions a and d are 
coloured cyan (PDB entry: 1GCM). In the tetrameric structure, isoleucine residues at position 
a are coloured cyan and leucine residues at position d are coloured magenta (PDB entry: 
1GCL). 
 
 

4.2  Results 
Direct expression of mincle extracellular domain 
 Earlier studies on human mincle CRD employed an expression system in which the protein 

was fused to a bacterial signal sequence and secreted into the periplasm, where it folds into a 

native conformation with intrachain disulfide bonds (Jégouzo et al., 2014). Previous attempts 

to adapt this system for expression of the extracellular domain were unsuccessful. Therefore, 

an alternative expression system was tested, in which the protein is expressed without a signal 

sequence and accumulates in the cytoplasm as inclusion bodies that can be solubilized in 

guanidine and renatured. During the renaturation process, disulfide bonds are formed by air 

oxidation. Initial attempts to express a disulfide-linked dimer of the mincle extracellular domain 

were undertaken with an expression construct containing the portion of the human mincle 

cDNA coding for residue Thr45 to Leu219 in a T7 expression system (Fig. 4.2A). Purification 

of correctly folded protein was undertaken on a trehalose-Sepharose column. 

 Although the protein was successfully purified on the affinity column, only a small amount 

of dimer formation was observed on a non-reducing SDS-polyacrylamide gel and the majority 

of protein remained as a monomer (Fig. 4.2B). Crosslinking of the purified protein with Cu2+-o-

phenanthroline was tested as a way to induce disulfide bond formation. This reagent catalyzes 

air oxidation of sulfhydryl groups (Steck, 1972). Because a low concentration of human mincle 

may have contributed to inefficient interchain disulfide bond formation, the purified protein was 
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concentrated ten-fold, and then subjected to treatment with Cu2+-o-phenanthroline. However, 

neither a high concentration nor crosslinking with Cu2+-o-phenanthroline enhanced disulfide 

bond formation (Fig. 4.2C). 

 

 

 
 
Figure 4.2. Bacterial expression system and SDS-polyacrylamide gel analysis of human 
mincle extracellular domain. (A) Expression of human mincle extracellular domain under the 
control of a T7 promoter. (B) SDS-polyacrylamide gel electrophoresis of human mincle 
extracellular domain renatured by dialysis and affinity-purified over a 10-ml trehalose-
Sepharose column. Protein was eluted from the column with EDTA, in 1-ml fractions. Aliquots 
(15 µl) of elution fractions 9 to 12 were separated on SDS-polyacrylamide gels in the absence 
or presence of 2-mercaptoethanol. (C) SDS-polyacrylamide gel electrophoresis of Cu2+-o-
phenanthroline-treated human mincle extracellular domain. Sample was analyzed in the 
absence or presence of 2-mercaptoethanol. Gels were stained with Coomassie blue. 
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Preparation of mincle extracellular domain dimers with a GCN-4 dimerization domain 
 In the case of mincle, a dimer-forming coiled-coil structure is desired. The coiled-coil 

dimerization domain from yeast transcription factor GCN-4 is 33 amino acids in length, 

consisting of four heptads. Experiments with this dimerization domain were undertaken with 

the extracellular portion of cow mincle instead of human mincle, because previous studies 

showed that cow mincle CRD is expressed much more efficiently in the T7 expression system. 

Mincle sequences in cow and human share a high degree of identity (Fig. 4.3) and show very 

similar Ca2+- and pH-dependent binding properties with trehalose ligand (Jégouzo et al., 2014). 

The structure of cow mincle CRD has been successfully used to model the human protein, 

suggesting the orientation of CRDs in a cow mincle extracellular domain dimer will show how 

CRDs are projected in the human orthologue (Feinberg et al., 2016). 

 As with human mincle, non-reducing SDS-polyacrylamide gels of affinity-purified cow 

mincle extracellular domain without a GCN4 dimerization domain shows very little disulfide 

dimer is formed (Fig. 4.4A). In contrast, analysis of cow mincle extracellular domain fused to a 

GCN4 dimerization domain shows the majority of mincle formed disulfide-linked dimers that 

can be dissociated in the presence of 2-mercaptoethanol (Fig. 4.4B). Gel-filtration analysis 

revealed that despite some aggregation, the major fraction has an apparent molecular weight 

of 47 kDa (Fig. 4.5), which matches to the expected molecular weight of dimeric mincle 

extracellular domain plus the GCN4 sequence (2 x 23.5 kDa). 

 

 

 
 
Figure 4.3. Alignment of polypeptide sequences of human and bovine mincle. 
Transmembrane domains are highlighted in green. Intramolecular disulfide bonds of the CRD 
are indicated by black lines. Residues that coordinate Ca2+ at the primary sugar binding site 
are highlighted in cyan. 
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Figure 4.4. Bovine mincle extracellular domain without and with GCN4 dimerization 
domain analyzed on SDS-polyacrylamide gels. (A) A 2-L preparation of mincle extracellular 
domain was renatured by direct dialysis and purified over a 10-ml trehalose-Sepharose column. 
Aliquots (15 µl) of 1-ml elution fractions (E9-E12) were separated on an SDS-polyacrylamide 
gel in the absence or presence of 2-mercaptoethanol. (B) A 2-L preparation of mincle 
extracellular domain with GCN4 dimerization domain was renatured by batch dilution at a 1:5 
ratio and purified over a 2-ml trehalose-Sepharose column. Aliquots (15 µl) of 0.5-ml elution 
fractions (E4-E7) were separated on an SDS-polyacrylamide gel in the absence or presence 
of 2-mercaptoethanol. Gels were stained with Coomassie blue. 
 
 

 
Figure 4.5. Gel-filtration analysis of bovine mincle extracellular domain fused to GCN4 
dimerization domain. Elution fraction 5 (0.5 ml) was used to load the Superdex S75 column. 
Elution positions of standards on Superdex S75 column are indicated in kDa at the bottom. 
 
 

 Attempts to concentrate the initial GCN4-stabilized dimer by dialysis against water and 

lyophilization were unsuccessful, since the lyophilized protein could not be re-dissolved in 
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aqueous buffer (data not shown). The undesired solubility profile compared to the isolated 

CRD could arise from either the presence of portions of the neck from mincle or from the 

hydrophobicity of the 4-heptad dimerization domain. To test if reducing the neck of mincle 

improves solubility, the expression vector was modified to include a Hind3 restriction site at 

the end of the coding sequence for the GCN4 dimerization domain, which facilitates generation 

of expression constructs with different lengths of mincle neck. Synthetic oligonucleotide pairs 

were then generated to replace the portion of the expression vector between the Hind3 site 

and a naturally occurring Mfe1 site in the portion of the cDNA encoding the neck region of 

mincle (Fig. 4.6A). 

 A total of 8 different versions of the expression construct were created. Versions D1 to D3 

contain one of the transmembrane cysteine residues, D4 and D5 cover part of the 

transmembrane domain, and versions D6-D8 encode shorter versions of the neck (Fig. 4.6B-

D). Each of the constructs was expressed, renatured and purified on trehalose-Sepharose. 

Non-reducing SDS-polyacrylamide gels showed that D1, D2, D3, D4, D5 and D6 formed 

multiple oligomeric states, whilst the majority of D7 and D8 formed dimers (Fig. 4.7). The ratio 

of dimer to monomer is significantly lower in D1, D2, D3, than in D4 and D5. Comparing D6, 

D7 and D8, the yield and the homogeneity of dimer improves with shorter necks. Consistent 

with the appearance of disulfide-linked dimers on non-reducing SDS-polyacrylamide gels, gel-

filtration analysis of mincle extracellular domain D8 revealed the peak of elution corresponding 

to a molecular weight of 51 kDa (Fig. 4.8), which is close to the expected molecular weight of 

dimeric mincle extracellular domain D8, 45 kDa (2 x 22.7 kDa). Based on the combined results 

from SDS-polyacrylamide gels and gel-filtration analysis, the neck length of the mincle ECD 

D8 construct was chosen for protein expression and purification in subsequent experiments. 
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A  Organization of GCN4-mincle expression vector 

  
B  GCN4 dimerization domain 
 
 MetLysGlnLeuGluAspLysValGluGluLeuLeuSerLys 
 atgaagcagctggaagataaagttgaagaactgctgagcaaa 
 
 AsnTyrHisLeuGluAsnGluValAlaArgLeuLysLysLeu 
 aactaccacctggaaaacgaagttgcgcgtctgaaaaagctt 
                                     Hind3  
C  Bovine mincle transmembrane domain and start of neck 
 
 LeuLeuLeuSerAlaCysPheIleThrArgCysValValThrTyrSerIlePheGlnLeu 
 ctgctcctgagtgcctgttttatcaccagatgtgttgtgacatatagcatctttcaattg 
                                                       Mfe1 
D  Inserted synthetic oligonucleotides 
 
 BoMincleD1 LysLeuThrArgCysValValThrTyrSerIlePheGlnLeu 
 D1 forward agcttaccagatgtgttgtgacatatagcatctttc 
 D1 reverse     atggtctacacaacactgtatatcgtagaaagttaa 
 
 BoMincleD2 LysLeu   ArgCysValValThrTyrSerIlePheGlnLeu 
 D2 forward agctt   agatgtgttgtgacatatagcatctttc 
 D2 reverse     a   tctacacaacactgtatatcgtagaaagttaa 
 
 BoMincleD3 LysLeu      CysValValThrTyrSerIlePheGlnLeu 
 D3 forward agctt      tgtgttgtgacatatagcatctttc 
 D3 reverse     a      acacaacactgtatatcgtagaaagttaa 
 
 BoMincleD4 LysLeu         ValValThrTyrSerIlePheGlnLeu 
 D4 forward agctt         gttgtgacatatagcatctttc 
 D4 reverse     a         caacactgtatatcgtagaaagttaa 
 
 BoMincleD5 LysLeu            ValThrTyrSerIlePheGlnLeu 
 D5 forward agctt            gtgacatatagcatctttc 
 D5 reverse     a            cactgtatatcgtagaaagttaa 
 
 BoMincleD6 LysLeu               ThrTyrSerIlePheGlnLeu 
 D6 forward agctt               acatatagcatctttc 
 D6 reverse     a               tgtatatcgtagaaagttaa 
 
 BoMincleD7 LysLeu                  TyrSerIlePheGlnLeu 
 D7 forward agctt                  tatagcatctttc 
 D7 reverse     a                  atatcgtagaaagttaa 
 
 BoMincleD8 LysLeu                     SerIlePheGlnLeu 
 D8 forward agctt                     agcatctttc 
 D8 reverse     a                     tcgtagaaagttaa 
 

Figure 4.6. Cloning strategy for different lengths of mincle neck following GCN4 
dimerization domain. (A) Organization of the expression vector for bovine mincle with an N-
terminal GCN4 dimerization domain. Key restriction sites are indicated. (B) GCN4 dimerization 
domain, with heptad repeat hydrophobic residues highlighted in grey. The second line 
corresponds to the trigger sequence. (C) Sequence of bovine mincle at the end of the 
transmembrane domain, highlighted in green, and the beginning of the neck domain. Cysteine 
residues are shaded yellow. (D) Forward and reverse oligonucleotides inserted between the 
Hind3 and Mfe1 sites are shown, along with the encoded amino acid sequences. 
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Figure 4.7. Non-reducing SDS-polyacrylamide gels of affinity-purified GCN4-mincle 
extracellular domain constructs. Each construct was prepared from 2 l of bacterial culture. 
Renaturation of constructs D1, D2, D3, D4 and D5 followed a direct dialysis protocol and 
purification was performed over a 10-ml trehalose-Sepharose column, from which fifteen 1-ml 
fractions were collected. The majority of protein was eluted in fractions 10 to 12. Renaturation 
of constructs D6, D7 and D8 followed a batch dilution protocol and purification was performed 
over a 2-ml trehalose-Sepharose column, where ten 0.5-ml fractions were collected. The 
majority of protein was eluted in fractions 4 to 8. Samples were separated on SDS-
polyacrylamide gels in the absence of 2-mercaptoethanol. Gels were stained with Coomassie 
blue. 

 
Figure 4.8. Gel-filtration analysis of BoMincle ECD D8. Elution fraction 5 (0.5 ml) from a 2-
L preparation was loaded on Superdex S75 column. Elution positions of standards on 
Superdex S75 column are indicated in kDa at the bottom. 
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Replacing GCN-4 dimerization domain with computationally-optimized dimerization 
domains 

 Although the modified GCN4 fusion proteins with shorter necks showed improved 

properties following initial purification, after dialysis and lyophilization the protein still exhibited 

poor solubility at high concentration (data not shown). This result in the previous section 

suggested that the solubility issues of the mincle dimers might result from the behaviour of the 

GCN4 domain itself. Therefore, computationally optimized dimerization domains were 

explored as an alternative way to promote dimerization of mincle extracellular domain. 

 Based on the observation that the neck length in Mincle ECD D8 encouraged formation of 

more homogenous dimers than other neck lengths, this region was fused to computationally-

optimized dimerization domains based on the sequence designated CC-pIL-I17N (Fletcher et 

al. 2012). The cloning strategy involved synthesis of oligonucleotide pairs that encode the 3-

heptad version of CC-pIL-I17N. These oligonucleotides are flanked with a BamH1 site and a 

Hind3 site, which allows them to replace the GCN4 coding sequence in the GCN4-mincle 

extracellular domain construct. A new feature of these synthetic nucleotide sequences is the 

inclusion of an Msc1 site immediately after the start codon for the dimerization domain 

sequence. This Msc1 site facilitated subsequent replacement of the coding sequence for the 

3-heptad dimerization domain with synthetic oligonucleotide pairs that encode different 

numbers of heptad-repeats (Fig. 4.9). 

 

 
Oligonucleotides for 3 heptad (Mincle ECD D9) 
 
     AspProIleLeuGluAspAsp***MetAlaAsnGlu IleAlaAlaLeuLysGlnGlu 
     gatccgatcttggaggatgattaaatggccaacgag atcgctgcactgaaacaggag 
         gctagaacctcctactaatttaccggttgctc tagcgacgtgactttgtcctc 
     BamH1                     Msc1 
 
                IleAlaAlaLeuLysLysGlu AsnAlaAlaLeuLysGln Gly LysLeu 
                atcgctgcactgaagaaagag aacgctgcactgaaacag ggc a 
                tagcgacgtgacttctttctc ttgcgacgtgactttgtc ccg ttcga 
                                                             Hind3 
 
 
Oligonucleotides for 2 heptad (Mincle ECD D10) 
 
      MetAlaAsnGlu IleAlaAlaLeuLysGlnGlu IleAlaAlaLeuLysGln Gly LysLeu 
          ccaacgag atcgctgcactgaaacaggag atcgctgcactgaagcag ggc a 
          ggttgctc tagcgacgtgactttgtcctc tagcgacgtgacttcgtc ccg ttcga 
 

Figure 4.9. Cloning strategy for appending different numbers of computationally 
optimized heptad repeats to mincle extracellular domain. Restriction sites on the 
oligonucleotide pairs encoding the 3-heptad version of CC-pIL-I17N were designed for 
insertion between the BamH1 and Hind3 sites of BoMincle ECD D8. The oligonucleotide pairs 
that encode 2-heptad version of CC-pIL-I17N were inserted between the Msc1 and Hind3 sites 
of the 3-heptad vector. 
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 Affinity-purified bovine mincle extracellular domain fused to the 3-heptad CC-pIL-I17N 

(Mincle ECD D9) ran as a single band on non-reducing SDS-polyacrylamide gels, consistent 

with formation of a stable disulfide-linked dimer (Fig. 4.10A). Gel-filtration analysis confirmed 

that the main species eluted has a molecular weight of 43 kDa (Fig. 4.10B), which is close to 

the expected molecular weight of dimeric Mincle ECD D9 construct, 44 kDa (2 x 22.2 kDa). 

Following dialysis against water and lyophilization, Mincle ECD D9 displayed significantly 

better solubility in water than GCN4-mincle extracellular domain constructs. Since protein is 

the least soluble at a pH near its isoelectric point, aliquots of 1M NaOH is added to the re-

dissolved Mincle ECD D9 (isoelectric point: 5.49) until solution turned clear and the dissolved 

protein showed a pH between 7 and 8. The protein was allowed sufficient time to go into 

solution (overnight), after which the sample was centrifuged and the supernatant was 

separated from the pellet. SDS-polyacrylamide gel showed the ratio of dissolved protein to 

undissolved protein was 1:1 (Fig. 4.11). Aggregates can be seen from the wells where 

resuspended pellet was loaded, but a band corresponding to dimeric mincle in the 

resuspended pellet lanes suggested more protein entered solution after resuspension of the 

pellet in 10 mM Tris-Cl pH 7.8. 

 To determine if the full 3-heptad dimerization domain was required for forming mincle 

extracellular domain dimer, a truncated version with 2 heptad repeats (Mincle ECD D10) was 

also generated. Since only the two heptad repeats from the N-terminus of CC-pIL-I17N were 

preserved in Mincle ECD D10 construct and the 2-heptad trigger sequence, which was 

considered important for initiating coiled coil formation, was missed out (Fig. 4.9), it was 

expected that the dimerization function might be perturbed. Non-reducing SDS-polyacrylamide 

gel electrophoresis shows that, although some dimer does form, about half of the protein 

remains as monomer (Fig. 4.12A). A second peak corresponding to monomer is also observed 

on the gel-filtration column (Fig. 4.12B). The larger species has an apparent molecular weight 

of 49 kDa on the gel filtration profile, close to the expected molecular weight, 43 kDa (2 x 21.5 

kDa), suggesting mincle extracellular domain can still be brought together to form a dimer with 

only two heptad repeats. 
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Figure 4.10. Analysis of affinity-purified Mincle ECD D9, mincle extracellular domain 
with 3-heptad CC-pIL-I17N. (A) SDS-polyacrylamide gel electrophoresis of Mincle ECD D9 
renatured by gradual dilution in the presence of Triton X-100 and purified on a 2-ml trehalose-
Sepharose column. Aliquots (15 µl) of 0.5-ml elution fractions (E4-E8) were analyzed on an 
SDS-polyacrylamide gel in the absence of 2-mercaptoethanol. Gel was stained with 
Coomassie blue. (B) Superdex S75 gel filtration analysis of Mincle ECD D9 purified from 4 L 
of bacterial culture, lyophilized and redissolved in 0.5 ml of gel-filtration buffer. Elution positions 
of standards are indicated in kDa at the bottom. 
 

 
 
Figure 4.11. SDS-polyacrylamide gel electrophoresis of Mincle ECD D9 subjected to 
resolubilization. Lyophilized protein equivalent to a 1-L preparation of mincle was dissolved 
in 25 µl of water. pH was measured to be between 7 and 8. Tris-Cl pH 7.8 was added to a final 
concentration of 10 mM. Supernatant (S) was separated from resuspended pellet (P) by 
centrifugation at 14,000 rpm for 5 min. The pellet was resuspended in 25 µl of 10 mM Tris-Cl 
pH 7.8. Aliquots of supernatant and pellet were resolved by separation on an SDS-
polyacrylamide gel, which was stained with Coomassie blue.  
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Figure 4.12. Analysis of affinity-purified Mincle ECD D10, mincle extracellular domain 
with 2-heptad CC-pIL-I17N. (A) SDS-polyacrylamide gel analysis of mincle prepared from 2-
L culture, renatured by gradual dilution in the presence of Triton X-100 and purified over a 10-
ml trehalose-Sepharose column. Aliquots (15 µl) of 1-ml elution fractions (E10-E13) were 
separated in the absence of 2-mercaptoethanol. Gel was stained with Coomassie blue. (B) 
Superdex S75 gel filtration analysis of mincle purified from 6.5 L of bacterial culture. Sample 
was dialyzed against water, lyophilized and redissolved in 0.5 ml of gel-filtration buffer. Elution 
positions of standards are indicated in kDa at the bottom. 
 
 

Introduction of a protease cleavage site for removal of dimerization domain 
 An ideal model of mincle extracellular domain for structural analysis would involve minimal 

modification by the dimerization sequence. Formation of the disulfide-linked dimer is directed 

by the dimerization domain, but once formed the disulfide bond should stabilize the dimer even 

in the absence of the fused domain. Insertion of a protease cleavage site between the C-

terminus of the dimerization domain and the N-terminus of the mincle neck provides a way to 

remove the non-mincle sequence after dimer formation. In initial experiments, the Hind3 to 

Mfe1 restriction fragment of the Mincle ECD D8 plasmid was replaced with double-stranded 

oligonucleotides coding for different protease cleavage sites (Fig. 4.13). Protein constructs 

Mincle ECD P1, P2, P3, P4, and P5 were produced and tested for digestion by the relevant 

proteases (Fig. 4.14). 

 Enterokinase cleaves specifically after the lysine residue in the sequence DDDDK, 

although digestion at other basic residues has been reported in some cases (Liew et al., 2005). 

A non-reducing SDS-polyacrylamide gel of an enterokinase digest of Mincle ECD P1, 

containing the DDDDK sequence, showed that treatment with 0.2 ng of enzyme resulted in 

partial cleavage of dimeric Mincle ECD P1, but with an increase in the amount of enzyme that 

was used, more product emerged in the monomeric form rather than staying as a dimer (Fig. 

4.14A). This result suggests that the protein was prone to non-specific cleavage by 

enterokinase and the reaction conditions need to be carefully monitored so that it can reach 

completion without converting too much substrate into a secondary product. Thus, 
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enterokinase and its cleavage site were not an ideal choice for removing the dimerization 

domain. 

 Factor Xa cleaves preferentially after the arginine residue of the sequences IEGR or IDGR, 

although occasional cleavage at other basic residues has been reported (Eaton et al. 1986). 

The Mincle ECD P2 protein, which contains an IDGR sequence, was successfully produced. 

However, the protease did not show any activity towards this construct (data not shown). Thus, 

this cleavage site and protease were also not considered a viable combination for producing 

a cleaved dimer. 

 Thrombin cleaves specifically between the arginine and glycine residues in the sequence 

LVPR//GS. Non-reducing SDS-polyacrylamide gel electrophoresis of thrombin test digestion 

of mincle extracellular domain containing this sequence, Mincle ECD P3, showed that 4 µg of 

enzyme digested part of the mincle dimer, but with an increase in the amount of enzyme used, 

both the substrate and the cleaved dimer decreased, suggesting they were degraded by the 

excess of thrombin (Fig. 4.14B). Thus, the combination of thrombin and its cleavage site was 

not pursued further. 

 Furin cleaves specifically after the second arginine residue of an RXXR sequence. Often, 

a lysine or arginine residue is favoured at the second X position. Test treatment with furin 

showed efficient cleavage, with the digestion product remaining as a disulfide-linked dimer (Fig. 

4.14C). Since furin did not favour the RARR (P5) sequence over the RAAR (P4) sequence, 

Mincle ECD P4 was selected for optimization of protease cleavage conditions. Firstly, the 

effects of temperature and detergent on furin digestion were tested. Non-reducing SDS-

polyacrylamide gels showed that an increase in temperature from 30 °C to 37 °C did not have 

a significant impact on protease digestion (Fig. 4.15A). However, Triton X-100 at 0.5% in the 

digestion buffer resulted in significantly less undigested substrate remaining in the pellet from 

the reaction mixture. This result suggests that 0.5% Triton helped to maintain the substrate in 

solution and allowed the enzyme to cleave before the substrate aggregated. 

 The effects of prolonged digestion time and amount of enzyme on the completion of furin 

cleavage were also examined. Non-reducing SDS-polyacrylamide gel electrophoresis showed 

that after 18 h, the amount of product formed no longer responded to an increase in the 

incubation time. However, the amount of enzyme used during the first 18 h made a significant 

impact on the yield of cleaved dimer (Fig. 4.15B). Since the cleavage effect exerted by 3.2 U 

of furin during the first 18 h was not less than that exerted by 0.8 U of furin over 66 h, an 

intermediate 2 U of furin would be sufficient to drive the 18-h digestion to completion. To 

prevent protein degradation and denaturation, 30 °C was favoured over 37°C for the large-

scale furin cleavage. Thus, in the optimized protocol, the reaction was carried out so that each 

20 µl of substrate (at the same concentration as the test experiments) was digested with 2 U 

of furin, in the presence of 0.5% Triton X-100, at 30°C. 
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 After protease cleavage, the intact mincle extracellular domain dimer could be recovered 

on a trehalose-Sepharose affinity column and eluted in fractions 5 to 7 (Fig. 4.16A). Gel 

filtration confirmed that the uncleaved Mincle ECD P4 has an apparent molecular weight of 46 

kDa, matching exactly to the expected molecular weight, 46 kDa (2 x 23.2 kDa), and the furin-

cleaved protein has an apparent molecular weight of 38 kDa, which matched exactly to the 

expected molecular weight, 38 kDa (2 x 19.3 kDa) (Fig. 4.16B). 

 The optimized protocol successfully removed GCN4 dimerization domain from intact 

disulfide-linked mincle extracellular domain dimer. However, after dialysis against water and 

lyophilization, gel-filtration analysis showed that barely any lyophilized protein was dissolved 

in the running buffer (Fig. 4.18C). Thus, the digestion was performed on mincle extracellular 

domain dimer with the less hydrophobic CC-pIL-I17N dimerization domain. Fortunately, the 

aforementioned cloning strategy made it possible to replace the GCN4 dimerization domain in 

Mincle extracellular domain P4 to the 3-heptad version of CC-pIL-I17N, leading to the 

generation of Mincle ECD P6 construct (Fig. 4.17). 

 Non-reducing SDS-polyacrylamide gel showed the majority of affinity-purified Mincle P6 

formed disulfide-linked dimer (Fig. 4.18A) and after furin cleavage, a disulfide-linked dimer 

could be repurified by affinity chromatography (Fig. 4.18B). Affinity-purified, cleaved dimer was 

dialyzed against water and lyophilized. Solubility of the lyophilized protein was checked by 

dissolving the protein in a buffer containing 10 mM Tris-Cl pH 7.8 and 100 mM NaCl, 

compatible with the gel filtration running buffer, which also contained 2.5 mM EDTA. The 

sample was spun at 14,000 RPM for 5 min, and the supernatant was analyzed on a Superdex 

S75 column. Taking into consideration the different amounts of starting material, the gel-

filtration result for lyophilized furin-cleaved Mincle ECD P6 shows that more protein went into 

solution than was seen for furin-cleaved Mincle ECD P4 (Fig. 4.18C). The cleaved dimer of 

Mincle ECD P6 has an apparent molecular weight of 40 kDa, close to the expected molecular 

weight of 38 kDa (2 x 19.3 kDa). 
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A  Restriction sites in pBoMincle ECD D8 with GCN4 dimerization sequence 
 
 BoMincleD8 
                      LysLeu                  SerIlePheGlnLeu 
 aacgaagttgcgcgtctgaaaaagctt                  agcatctttcaattg 
                       Hind3                           Mfe1 
 
B  Inserted synthetic oligonucleotides 
 
 Enterokinase 
 BoMincleP1   LysLeuAspAspAspAspLys   SerIlePheGlnLeu 
 P1 forward    agcttgatgacgatgacaag   agcatctttc 
 P1 reverse        actactgctactgttc   tcgtagaaagttaa 
 
 Factor Xa 
 BoMincleP2   LysLeuIleGluGlyArg      SerIlePheGlnLeu 
 P2 forward    agcttattgaaggtcgt      agcatctttc 
 P2 reverse        ataacttccggca      tcgtagaaagttaa 
 
 Thrombin 
 BoMincleP3   LysLeuValProArg      GlySerIlePheGlnLeu 
 P3 forward    agcttgtgcctcgt      ggtagcatctttc 
 P3 reverse        acacggagca      ccatcgtagaaagttaa 
 
 Furin 1 
 BoMincleP4   LysLeuArgAlaAlaArg      SerIlePheGlnLeu 
 P4 forward    agcttcgtgcagctaga      agcatctttc 
 P4 reverse        agcacgtcgatct      tcgtagaaagttaa 
 
 Furin 2 
 BoMincleP5   LysLeuArgAlaArgArg      SerIlePheGlnLeu 
 P5 forward    agcttcgtgcaagacgt      agcatctttc 
 P5 reverse        agcacgttctgca      tcgtagaaagttaa 
 
 

Figure 4.13. Cloning strategy for insertion of protease cleavage sites. (A) Sequence of 
pBoMincle ECD D8 at the junction between the GCN4 dimerization domain and the mincle 
neck. (B) Oligonucleotides P1 to P5 encode different protease cleavage sites between the end 
of the dimerization domain and the start of the mincle neck. Recognition sequences for the 
proteases are shown in red. 
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Figure 4.14. SDS-polyacrylamide gel analysis of test protease digestion of GCN4-mincle 
extracellular domain fusion proteins. Each construct was prepared from 2 L of bacterial 
culture, renatured by batch dilution, and purified on a 2-ml trehalose-Sepharose column, from 
which ten 0.5-ml fractions were collected. In each panel, the gel on the left shows elution 
fractions from purification of the modified expression construct on trehalose-Sepharose, and 
gels on the right show digestion with proteases. Samples (15 µl) were mixed with equal 
volumes of 2X sample buffer in the absence of 2% 2-mercaptoethanol and heated at 100 ˚C 
for 5 min. Gels were stained with Coomassie blue. (A) Mincle ECD P1 digested with 
enterokinase at 37 ˚C for 3 h. (B) Mincle ECD P3 digested with thrombin at 37 ˚C for 18 h. (C) 
Mincle ECD P4 substrate was incubated with furin at 30 ˚C for 18 h. 
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Figure 4.15. SDS-polyacrylamide gel analysis of furin digests of Mincle ECD P4. (A) 
Digestion in the presence or absence of Triton X-100. Mincle ECD P4 substrate was digested 
for 18 h. Supernatant (S) was separated from pellet (P) after centrifugation. (B) Digestion with 
different concentrations of furin. Mincle ECD P4 substrate was incubated at 37 ˚C. Gels were 
stained with Coomassie blue. 
 

 
 

Figure 4.16. Purification and characterization of furin-cleaved Mincle ECD P4 protein. (A) 
SDS-polyacrylamide gel analysis of furin-cleaved mincle re-purified over a 2-ml trehalose-
Sepharose column. Aliquots (15 µl) of 0.5-ml elution fractions (E5-E7) were separated in the 
absence of 2-mercaptoethanol. Gel was stained with Coomassie blue. (B) Superdex S75 gel 
filtration analysis of affinity-purified, uncleaved mincle (0.5 ml of E8 from a 2-L preparation of 
Mincle ECD P4) and affinity-purified, furin-cleaved mincle (0.45 ml of pooled E5 and E6 from 
4.16A). Elution positions of standards are indicated in kDa at the bottom. 
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Figure 4.17. Cloning strategy for Mincle ECD P6, mincle extracellular domain with furin 
cleavage site and 3-heptad CC-pIL-I17N dimerization domain. Hind3 and Spe1 sites were 
used to move the DNA fragment encoding the furin cleavage site and extracellular domain of 
mincle from pBoMincle ECD P4 plasmid into pBoMincle ECD D9. 
 

 
Figure 4.18. Characterization of Mincle ECD P6. (A) SDS-polyacrylamide gel analysis of 
mincle prepared from 6-L culture, renatured by gradual dilution in the presence of Triton X-100 
and purified over a 2-ml trehalose-Sepharose column. Elution fractions 5 to 10 were pooled (3 
ml) for preparative furin digestion. (B) SDS-polyacrylamide gel analysis of furin-cleaved Mincle 
ECD P6 re-purified over a 1-ml trehalose-Sepharose column. Aliquots (15 µl) of elution 
fractions 2 to 4 were separated in the absence of 2-mercaptoethanol. Gel was stained with 
Coomassie blue. (C) Superdex S75 gel filtration analysis of re-dissolved samples of furin-
cleaved Mincle ECD P6 and Mincle ECD P4. Elution positions of standards are indicated in 
kDa at the bottom. 
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4.3 Discussion 
 Structural analysis of how the mincle dimer is constructed will require a significant quantity 

of protein soluble at high concentrations. The primary outcome of these experiments has been 

development of a protocol which allows production of a mincle dimer suitable for such analysis. 

An initial batch of protein has been produced and provided to a collaborating crystallography 

group, but so far no crystals have been obtained. 

 Although a crystal structure is the long-range target, the characteristics of the different 

expression constructs generated here provide some insights into the nature of the interactions 

that lead to dimer formation. Two interesting points can be noted. First, the fact that the 

naturally occurring disulfide bond can be formed when the N-termini of the polypeptides have 

been brought into close proximity suggests that they are interacting in a native-like way in the 

extracellular domain construct. In a membrane, association of the neck regions would probably 

be enhanced as a result of the orientation of the polypeptides in the membrane, which would 

place the neck cysteine residues at a common distance from the membrane. In this sense, the 

fused dimerization domains are acting as a replacement of the transmembrane domain. A 

second point is that the experiments employing the extracellular domain without a fused 

dimerization sequence suggest that interactions between the CRDs, which make up the major 

portion of the extracellular domain, are not sufficient to stabilize the dimer. Taken together, 

these results are consistent with a picture of dimers in which the neck domains interact, but 

the CRDs may point away from each other, and might make little or no contact. These themes 

will be explored further in the context of other mincle family members in the next chapter. 
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Chapter 5 | Extracellular domain fragments of dectin-2 and BDCA-2 
 

5.1 Introduction 
 Previous expression of a portion of the extracellular domain of dectin-2 containing part of 

the neck domain resulted in monomeric protein (Ambati et al., 2019). Successful creation of 

mincle extracellular domain dimers described in the preceding chapter provided a template for 

generating dimers of additional mincle family members. For both dectin-2 and BDCA-2, 

optimized, synthetic dimerization domains were employed to stabilize the dimers and versions 

were created in which the dimerization domain could be removed by furin digestion. 

Characterization of the dimeric forms of these proteins generated in this way, along with 

analysis of existing crystal structures of the CRDs from these two proteins, provides a basis 

for modelling the organization of the dimers as well as investigating their structures 

experimentally. 

 

5.2  Results 
Dectin-2 extracellular domain fused to synthetic dimerization domain 
 To generate expression plasmids for human dectin-2 extracellular domain, a synthetic 

cDNA was designed to encode a furin cleavage site followed by the coding sequence of dectin-

2 from residue His45 to Leu209. Restriction sites were incorporated to allow fusion with the 

dimerization domains in the mincle extracellular domain expression plasmids (Fig. 5.1). An 

expression plasmid for dectin-2 extracellular domain with the 3-heptad CC-pIL-I17N 

dimerization domain and furin cleavage site (HuDectin-2 ECD D11) was generated first. 

Replacing a short region of the cDNA with annealed, synthetic oligonucleotides resulted in a 

further plasmid from which the furin cleavage site was removed (HuDectin-2 ECD D12). 

 Non-reducing SDS-polyacrylamide gel electrophoresis showed that both affinity-purified 

dectin-2 proteins ran as single bands with the molecular weight of a monomer, which was 

expected, as there was no cysteine residue in the neck of dectin-2 that would support formation 

of interchain disulfide bond (Fig. 5.2). After dialysis against water and lyophilization, affinity-

purified Dectin-2 ECD D11 displayed good solubility in water (Fig. 5.3A), consistent with the 

good solubility previously observed with Mincle ECD D9, which also contains a 3-heptad CC-

pIL-I17N dimerization domain. Gel-filtration analysis showed that the main species of Dectin-

2 ECD D12 and D11 have apparent molecular weights of 43 kDa and 46 kDa respectively (Fig. 

5.3B), which match closely to the expected molecular weight for their dimers, 44 kDa (D12: 2 

x 22 kDa) and 45 kDa (D11: 2 x 22.5 kDa). Thus, the appended CC-pIL-I17N sequence 

allowed dectin-2 to form stable soluble non-covalently linked dimers. 

 Although the HuDectin-2 ECD D11 protein could be cleaved to remove the dimerization 

domain, evidence from the extracellular domain expressed without a fused dimerization 
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domain indicated that the neck alone would not stabilize dimers in solution. Therefore, no 

attempt was made to cleave the product with furin. 

 

 

 
 
Figure 5.1. Cloning strategy for expression of human dectin-2 extracellular domains 
with 3-heptad CC-pIL-I17N. (A) HuDectin-2 ECD D11 was achieved by moving a synthetic 
DNA fragment encoding a furin cleavage site and the extracellular domain of dectin-2 into the 
expression plasmid for BoMincle ECD D9 after restriction digestion with Hind3 and Spe1. (B) 
HuDectin-2 ECD D12 was obtained by using annealed oligonucleotides to replace the 
sequence encoding the linker region to a version without the furin cleavage site. 
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Figure 5.2. SDS-polyacrylamide gel analysis of human dectin-2 extracellular domains 
with 3-heptad CC-pIL-I17N. Dectin-2 ECD D12 was prepared from 6 L of bacterial culture. 
Dectin-2 ECD D11 was prepared from 2 L of bacterial culture. Both proteins were renatured 
by gradual dilution in the presence of 1% Triton X-100 and purified over 2-ml mannose-
Sepharose columns. Aliquots (15 µl) of 0.5-ml elution fractions (E4-E7) were separated on 
gels run in the absence of 2-mercaptoethanol and stained with Coomassie blue. 
 
 

 
Figure 5.3. Characterization of human dectin-2 extracellular domain with 3-heptad CC-
pIL-I17N. (A) SDS-polyacrylamide gel electrophoresis of Dectin-2 ECD D11 subjected to 
resolubilization. Lyophilized protein equivalent to a 2-L preparation of Dectin-2 ECD D11 was 
dissolved in 25 µl of water. pH was measured to be between 7 and 8. Tris-Cl pH 7.8 was added 
to a final concentration of 10 mM. Supernatant (S) was separated from resuspended pellet (P) 
after centrifugation at 14,000 rpm for 5 min. The pellet was resuspended in 25 µl of 10 mM 
Tris-Cl pH 7.8. Aliquots of supernatant and pellet were resolved by separation on an SDS-
polyacrylamide gel, which was stained with Coomassie blue. (B) Superdex S75 gel filtration 
analysis of resolubilized Dectin-2 ECD D11 (from a 3-L preparation) and Dectin-2 ECD D12 
(from a 4-L preparation). Sample was dialyzed against water, lyophilized and redissolved in 
0.5 ml of gel-filtration buffer. Elution positions of standards are indicated in kDa at the bottom. 
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BDCA-2 extracellular domain dimers fused to synthetic dimerization domain 
 As with dectin-2, the predominant form of BDCA-2 lacks a cysteine in the neck region, so 

it would not be expected to form interchain disulfide bonds. However, as reported in Chapter 

2, a BDCA-2 variant with a neck cysteine did form a disulfide-linked dimer when expressed in 

HEK cells. Since the location of cysteine in the neck of BDCA-2 variant is similar to that in 

mincle neck and both receptors form homodimers that are covalently linked by interchain 

disulfide bonds, the dimerization-followed-by cleavage approach employed for mincle was 

potentially viable for BDCA-2 as well. 

 A strategy was developed to generate four versions of the BDCA-2 extracellular domain, 

with either serine or cysteine at position 49, in the neck, and starting at two alternative points 

at the junction between the transmembrane domain and the neck. Introduction of the Ser49Cys 

mutation was achieved by PCR amplification of the portion of a full-length cDNA encoding the 

extracellular domain. In addition to making this substitution, the 5' primer was designed to 

facilitate fusion with the dimerization domain and to introduce a BstB1 restriction site (Fig. 5.4). 

The cloned cDNA fragment was moved into a vector containing the 3-heptad CC-pIL-I17N, 

giving rise to BDCA-2 ECD D13. The sequence at the 5' end could then be modified using 

pairs of oligonucleotides to generate the alternative constructs (Fig. 5.5). 

 Both wild-type extracellular domain constructs, which differ by one amino acid residue at 

the start of the neck domain, run as single bands on SDS-polyacrylamide gels in the presence 

or absence of 2-mercaptoethanol (Fig. 5.6A/B), which was expected, because there was no 

neck cysteine for forming an interchain disulfide bond. Gel-filtration analysis of BDCA-2 ECD 

S1 and BDCA-2 ECD S2 showed the main species eluted had an apparent molecular weight 

of 45 kDa, which matches the expected molecular weight of dimeric BDCA-2 ECD S1 and S2, 

46 kDa (2 x 22.8 kDa). These results show that with the appended 3-heptad dimerization 

domain wild-type BDCA-2 extracellular domain stabilizes non-covalent dimers. 

 For the corresponding cysteine mutants, non-reducing SDS-polyacrylamide gels showed 

that the majority of affinity-purified BDCA-2 ECD C1 and BDCA-2 ECD C2 exists as disulfide-

linked dimers that can be dissociated in the presence of 2-mercaptoethanol (Fig. 5.6C/D). Gel-

filtration analysis of these proteins showed that the main peaks have apparent molecular 

weights of 45 kDa and 44 kDa respectively, which matches closely the expected molecular 

weight of dimeric BDCA-2 ECD C1, 46 kDa (2 x 23 kDa), and dimeric BDCA-2 ECD C2, 45 

kDa (2 x 22.8 kDa). For both the proteins with serine at position 49 and the proteins with 

cysteine at this position, a slightly shorter neck resulted in a higher yield of purified protein in 

its native dimeric state. However, the overall yield was low. 
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                         Furin↓               Cys 
             LysLeuArgAlaAlaArgHisAsnPheMetTyrSerLysThrValLys 
                               cacaattttatgtatagcaaaactgtcaag 
bdca2mut9  aaaagcttcgtgcagctagacacaattttatgtattgtaaaactgtcaag 
             Hind3 
 
ArgLeuSerLysLeuArgGluTyrGlnGlnTyrHisProSerLeuThrCysValMetGlu 
aggctgtccaagttacgagagtatcaacagtatcatccaagcctgacctgcgtcatggaa 
aggctttcgaagttacgagagtatcaacagtat 
     BstBI 
 
GlyLysAspIleGluAspTrpSerCysCysProThrProTrpThrSerPheGlnSerSer 
ggaaaggacatagaagattggagctgctgcccaaccccttggacttcatttcagtctagt 
 
CysTyrPheIleSerThrGlyMetGlnSerTrpThrLysSerGlnLysAsnCysSerVal 
tgctactttatttctactgggatgcaatcttggactaagagtcaaaagaactgttctgtg 
 
MetGlyAlaGluLeuValValIleAsnThrArgGluGluGlnAspPheIleIleGlnAsn 
atgggggctgatctggtggtgatcaacaccagggaagaacaggatttcatcattcagaat 
 
LeuLysArgAsnSerSerTyrPheLeuGlyLeuSerAspProGlyGlyArgArgHisTrp 
ctgaaaagaaattcttcttattttctggggctgtcagatccagggggtcggcgacattgg 
 
GlnTrpValAspGlnThrProTyrAsnGluAsnValThrPheTrpHisSerGlyGluPro 
caatgggttgaccagacaccatacaatgaaaatgtcacattctggcactcaggtgaaccc 
 
AsnAsnLeuAspGluArgCysAlaIleIleAsnPheArgSerSerGluGluTrpGlyTrp 
aataaccttgatgagcgttgtgcgataataaatttccgttcttcagaagaatggggctgg 
 
AsnAspIleHisCysHisValProGlnLysSerIleCysLysMetLysLysIleLysIle*** 
aatgacattcactgtcatgtacctcagaagtcaatttgcaagatgaagaagatctacatataa 
                             cagttaaacgttctacttcttctagatgtatattaa 
                                                       bdca2mut10 
 
aagggcgaattcactagt   (pCR-TOPO vector) 
      EcoR1 

 
Figure 5.4. Introduction of Ser49Cys mutation into the extracellular domain of BDCA-2. 
5’ primer bdca2mut9 and 3’ primer bdca2mut10, highlighted in cyan, were used with a full-
length BDCA-2 clone as template. The PCR product resulting from amplification was cloned 
into pCR-TOPO vector. An EcoR1 site in this vector adjacent to the cloning site is shown in 
green. 
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Figure 5.5. Cloning strategy for BDCA-2 extracellular domain with different neck lengths. 
Expression plasmid BDCA-2 ECD D13 was created with PCR amplified cDNA and Mincle ECD 
D9 plasmid digested with Hind3 and EcoR1 was used as a vector. Oligonucleotide pairs C1 
and C2 were used to remove the furin cleavage site and fuse the dimerization at two alternative 
points in the neck of BDCA-2. Oligonucleotide pairs S1 and S2 were used to create the wild-
type equivalents with a serine residue at position 49. 
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Figure 5.6. Characterization of human BDCA-2 extracellular domain constructs fused to 
3-heptad CC-pIL-I17N dimerization domains. Each construct was prepared from 2 L of 
bacterial culture, renatured by batch dilution, and purified over a 5-ml desialylated egg-
glycopeptide column, from which ten 1-ml fractions were collected. Aliquots (15 µl) of elution 
fractions (E7-E9) were separated on SDS-polyacrylamide gels that were stained with 
Coomassie blue. Half of fraction 8 (0.5 ml) of each affinity-purified construct was subject to 
Superdex S75 gel filtration analysis. Elution positions of standards are indicated in kDa at the 
bottom of each elution profile. 
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Potential dimers interactions observed in crystal structures 
 The results described in this chapter for BDCA-2 and in the previous chapter for mincle 

suggest that the dimer interfaces in these receptors involve only limited portions of the CRD 

and are dependent on the neck region. Based on these considerations, existing crystal 

structures of the CRDs of mincle, BDCA-2 and dectin-2 were examined to see if there are 

interactions present that might represent native interactions in a dimer. In each case, PyMol 

was used to generate all of the symmetry mates from the unit cell in the crystal. For two of the 

proteins, dectin-2 and BDCA-2, potential interactions of the N-terminal ends of the CRDs were 

observed. 

 PDB entry 4ZES contains two copies of the CRD from BDCA-2 in the asymmetric unit, 

chain A and chain B. In PyMol, symmetry mates of the asymmetric unit were generated based 

on the P22121 space group. A possible BDCA-2 dimer interface can be observed between 

chain A of the original copy (4ZES) and chain B of a symmetry mate (Fig. 5.7A). The 

coordinates of these two copies of the CRD were saved as a separate PDB file, which was 

submitted for interface analysis by PDBePISA. Interface surface areas of 351 and 378 Å2 were 

calculated for the two subunits. These numbers are not identical, because the two copies of 

BDCA-2 that form the dimer being visualized are not related by a crystallographic symmetry 

axis. 

 PDB entry 5VYB contains only a single dectin-2 CRD in the asymmetric unit. It was 

crystallized in the C2221 space group. In this case, a potential dectin-2 dimer interface very 

similar to the one observed in BDCA-2 was identified between the original copy and one of the 

symmetry mates (Fig. 5.8A). In this case, the PDBePISA software indicated that the N-

terminus of each subunit forms an interface with a surface area of 366 Å2. The arrangement 

of this dimer is strikingly similar to that seen for BDCA-2, in spite of the different crystal packing 

and the fact that the subunits of the dectin-2 dimer are related by a crystallographic symmetry 

axis while those in the BDCA-2 dimer are not. 

 Concentrated solutions of several of the dimeric proteins containing the extracellular 

domain of mincle and dectin-2 were produced for screening of potential crystallization 

conditions. Crystals of Dectin-2 ECD D12 in the I2 space group, with bound α-methyl 

mannoside, diffracted to 2.36 Å and contained two dectin-2 polypeptides in the asymmetric 

unit (Hadar Feinberg, personal communication). The geometry of the CRDs is almost identical 

to that observed for the isolated CRD (Fig. 5.9A). Two additional amino acids (SerSer) at the 

N-terminus of each subunit are visible in the new crystal structure, contributing to a more 

extensive surface area of 453 Å2 (Fig. 5.9B). Overlay of the extracellular domain dimer and 

the CRD dimer also shows very small amount of flexibility in the relative positions of the CRDs. 

Since the coiled-coil dimerization domain is likely formed, the fact it is absent from the crystal 
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indicates that its position is not ordered in the crystal, which in turn suggests that the neck 

region of dectin-2 is flexible. 
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Figure 5.7. PyMol view of BDCA-2 dimer interface and interface analysis. (A) after 
generation of symmetry mates from PDB 4ZES (grey), a possible interface was identified 
between chain A of the original copy (magenta) and chain B of symmetry mate 0300-100 
(cyan). (B) Hydrogen bonds between the N-termini of the two subunits are shown. In this view, 
the two sugar binding sites, occupied by a mannose residue, are facing out of the page. (C) 
The proposed dimer is shown in a sideways orientation. In order for the sugar-binding sites to 
face away from the membrane, the neck polypeptide would need to loop around the interface 
between the N-terminal portions of the CRDs. 
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Figure 5.8. PyMol view of dectin-2 dimer interface and interface analysis. (A) After 
generation of symmetry mates from PDB 5VYB (grey), a candidate interface was identified 
between the original copy (magenta) and symmetry mate 03010000 (cyan). (B) Hydrogen 
bonds formed between the N-termini of subunits are shown. Bound oligosaccharide ligands 
are shown facing out of the page. (C) Side view of the proposed dimer showing its potential 
orientation relative to the membrane. 
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Figure 5.9. Pymol view of dectin-2 extracellular domain dimer. (A) Overlay of the interface 
observed in dectin-2 extracellular domain dimer (yellow) and one that was predicted by crystal 
packing of PDB entry 5VYB (silver). N-termini of dectin-2 extracellular domain subunits form 
longer β sheets due to extension by two serine residues. (B) Hydrogen bonds formed between 
the N-termini of subunits are shown. Bound α-methyl mannoside ligands are shown facing out 
of the page. 
 
 

 The CRD of human mincle has been crystallized (Furukawa et al., 2013). However, the 

expressed fragment used in these studies started at residue 74, which excludes all of the neck 

and the first part of the CRD, so the regions expected to be involved in dimer formation are 

missing. For cow mincle, several crystal structures are also short forms, lacking the N-terminal 

part of the CRD. However, the full CRD is included in two crystal structures. These structures 

(PDB 5KTH and 5KTI), with a single CRD in the asymmetric unit in space group P3121, have 

been examined in the same way as for dectin-2 and BDCA-2. None of the symmetry mates 
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show any interactions that involve the N-terminal portion of the CRD as seen for dectin-2 and 

BDCA-2. 

 In a study of 32 homodimers, which have interface surface areas ranging from 368 to 

4746 Å2, the interface surface area has a linear correlation with the molecular weight of the 

subunit with a correlation coefficient r = 0.69 (Jones and Thornton, 1996). According to this 

correlation, monomeric BDCA-2 CRD and dectin-2 CRD, which both have an approximate 

molecular weight of 17,000 Da, would require an interface area of around 1250 Å2 to form 

stable homodimers. Thus, the interface areas predicted from the crystal packing of just the 

CRDs probably fall short of the required area for holding the dimer together. 

 The crystal structures suggest that extending the portion of the neck domain included in 

the expressed construct might increase the stability of the dimer. One existing BDCA-2 

construct from other work, which encodes residues Ser49 to Ile213 and thus contains roughly 

half of the neck domain, has been expressed and purified (Fig. 5.10A). The protein appears 

as a single band on SDS-polyacrylamide gels in the presence of 2-mercaptoethanol (Fig. 

5.10B). Gel-filtration analysis of this extended version of BDCA-2 CRD showed the main 

species elutes as a somewhat broad peak at an apparent molecular weight of 38.2 kDa, which 

approaches the expected molecular weight of a dimer (2 x 19.5 kDa) (Fig. 5.10D). Compared 

to the monomeric CRD and the covalent dimer discussed above (Fig. 5.10C), the peak is 

broader, and it shifts to a lower molecular weight with dilution. These features indicate that the 

complex is unstable and is probably an equilibrium between monomeric and dimeric species. 

Because there appears to be room in the CRD crystals to accommodate some additional 

polypeptide, this fragment containing half of the neck domain is being screened under the 

crystallization conditions used for the CRDs. 
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Figure 5.10. Expression and characterization of human BDCA-2 CRD with half of the 
neck region. (A) Sequence of the portion of BDCA-2 expressed. The position of cysteine in 
the naturally occurring variant of BDCA-2 is shown by the arrow. (B) SDS-polyacrylamide gel 
analysis of purified protein eluted from the glycopeptide affinity column. Aliquots (15 µl) of 1-
ml elution fractions (E6-E10) were separated on SDS-polyacrylamide gels. Gel was run in the 
presence of 2-mercaptoethanol and stained with Coomassie blue. (C) Superdex S75 gel 
filtration analysis of BDCA-2 with the full neck and dimerization domain (0.5 ml of fraction 8) 
and the CRD alone. (D) Superdex S75 gel filtration analysis of affinity-purified BDCA-2 
extended CRD from fraction 8 at various dilutions. Absorbance values for the dilute samples 
have been multiplied by the dilution factor to make the comparison. Elution positions of 
standards are indicated in kDa at the bottom. 
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Other experimental approaches to analysis of the dimer interface 
 Crosslinking mass spectrometry has also been investigated as an alternative way for 

identifying regions of dimer interactions. Chemical crosslinkers with different spacer arm 

lengths were tested to find the shortest crosslinking reagent that could covalently crosslink the 

dectin-2 extracellular domain dimer (Table 5.1). Most of these crosslinkers are only reactive 

towards primary amines, except 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide, which reacts 

with a carboxyl group at one end and a primary amine at the other end, resulting in an amide 

bond between the two crosslinked residues. Hence, it is called zero-length crosslinking. SDS-

polyacrylamide electrophoresis in the presence of 2-mercaptoethanol showed that even the 

zero-length crosslinking reagent can crosslink dectin-2 extracellular domain dimer (Fig. 5.11). 

 The use of mass spectrometry to identify peptides from dectin-2 and mincle extracellular 

domains with synthetic dimerization domains was tested with uncrosslinked samples. To 

prepare peptides from uncrosslinked proteins for mass spectrometry analysis, proteins were 

linearized by reduction and carboxymethylation. Chymotrypsin rather than trypsin was chosen 

for proteolytic digestion for two reasons. First, lysine and arginine residues appear at high 

frequencies throughout sequences of dectin-2 and mincle, so tryptic digestion would create 

many small peptide fragments. Peptides of similar masses but different sequences would be 

result in a crowding of the low mass region of the mass spectrum. This problem can be 

circumvented by using chymotrypsin, because the aromatic residues are less common. 

Second, since crosslinking would modify lysine residues, the modified regions would no longer 

be digested by trypsin, confounding the analysis. 

 Uncrosslinked peptides digested by chymotrypsin were detected using matrix-assisted 

laser desorption ionization mass spectrometry. Analysis of mass spectrometry profiles and 

sequence data from mass spectrometry/mass spectrometry experiments revealed a good 

coverage of peptides in all three regions of the dimerization domain, neck domain and CRD of 

both dectin-2 and mincle (Fig. 5.12). Although the results suggest that this approach might 

lead to identification of portions of the dimers that are close to each other, the findings 

described above suggested that the interaction region was likely to be relatively short, so that 

finding crosslinked peptide could become quite difficult. The strategy was not investigated 

further. 
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Table 5.1. Reagents tested for crosslinking the extracellular domain of dectin-2. 
 
 Chemical crosslinking reagent Spacer arm Reactive with 
  (Å) 
 bis(sulfosuccinimidyl) suberate (BS3) 11.4 Primary amines 
 disuccinimidyl tartrate 6.4 Primary amines 
 1,5-difluoro-2,4-dinitrobenzene 3 Primary amines 
 1-ethyl-3-(3-dimethylaminopropyl) 0 Carboxyl + amine 
 carbodiimide 
 
 

 
 
Figure 5.11. SDS-polyacrylamide gel analysis of crosslinking of the extracellular 
domain of dectin-2. Crosslinking was performed with bifunctional reagents (A) BS3, (B) 
disuccinimidyl tartrate or (C) 1,5-difluoro-2,4-dinitrobenzene or (D) by condensation reaction 
with 1-ethyl-3-(3-dimethylaminopropyl]carbodiimide) (EDC) in the presence of N-
hydroxysuccinimide (NHS) or N-hydroxysulfosuccinimide (sulfo-NHS). All reactions were 
stopped by adding 2X sample buffer containing 2% 2-mercaptoethanol and were immediately 
separated on 17.5% SDS-polyacrylamide gels that were stained with Coommassie blue. 
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Mincle ECD D10 
 
           10        20        30        40        50        60 
  ANEIAALKQEIAALKQGKLSIFQLCDEKKFQPPGDSMELSCYNDGSGSVKNCCPLKWFHF 
         KQEIAAL        QLCDEKKFQPPGDSMELSCY               FHF 
 
           70        80        90       100       110       120    
  QSSCYLFSPDTMSWRASLKNCSSMGAHLVVINTQEEQEFLYYTKPRKKEFYIGLTDQVTEGQW 
  QSSCY                                     TKPRKKEF 
                                                   YIGLTDQVTEGQW 
 
     130       140       150       160       170       180      
 QWVDGTPFTKSLSFWDAEEPNNLVTVEDCATIRDSSNPRQNWNDVPCFFNMFRVCEMPERKI 
             SFWDAEEPNNLVTVEDCATIRDSSNPRQNW 
                DAEEPNNLVTVEDCATIRDSSNPRQNWNDVPCFF   RVCEMPERKI 
 
Dectin-2 ECD D12 
 
         10        20        30        40        50        60     
 ANEIAALKQEIAALKKENAALKQGKLHFTYGETGKRLSELHSYHSSLTCFSEGTKVPAWGCCPA 
                             TYGETGKRLSELHSY 
 
     70        80        90       100       110       120         
 SWKSFGSSCYFISSEEKVWSKSEQNCVEMGAHLVVFNTEAEQNFIVQQLNESFSYFLGLSDPQG 
           FISSEEKVW                 NTEAEQNFIVQQL 
 
  130       140       150     160       170       180       190   
 NNNWQWIDKTPYEKNVRFWHLGEPNHSAEQCASIVFWKPTGWGWNDVICETRRNSICEMNKIYL 
                    HLGEPNHSAEQCASIVFW 
 
          Dimerization domain                         Neck                                   CRD 
 
Figure 5.12. Coverage of peptides in the uncrosslinked samples of dectin-2 and mincle 
extracellular domains with fused synthetic dimerization domains. Polypeptide sequences 
of dectin-2 or mincle are segregated into regions of dimerization domain, neck domain and 
CRD. Peptides identified from molecular ion and fragmentation data are highlighted in 
magenta. 
 
 

5.3 Discussion 
The results for crystallization of the dectin-2 extracellular domain show that the geometry of 

the CRDs in the dimer matches closely to the arrangement deduced from analysis of the 

crystal packing for the isolated CRD. The close similarity of these structures in different crystals 

forms suggests that the arrangement of CRDs in the extracellular domain dimer is likely to be 

rigid. The extended interface in the new crystal expands the 4-stranded antiparallel β sheet 

across the dimer interface as observed for the BDCA-2 and dectin-2 CRDs. However, although 

the interface is more extensive, at 453 Å2, it still falls short of the surface area predicted to be 

required for holding a dimer together. The two additional serine residues visible in the dimer 

crystals project to the side, indicating that the neck could bend around the interface to link to 

the transmembrane domain. 

 The observation that BDCA-2 CRD with an extended N-terminus can form a non-

covalent dimer suggests that interactions critical to dimer formation may be found further 

toward the N-terminus of the neck region. The N-terminus of the extended BDCA-2 construct 
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ends exactly at Ser49, which is the site of the neck cysteine residue in the naturally occurring 

BDCA-2 variant. The fact that this fragment forms a partially stable dimer suggests that the 

stretch of 19 amino acids from this point to the beginning of the CRD is sufficient to allow 

interactions within the neck region and may be enough to facilitate formation of the interchain 

disulfide bond in the BDCA-2 variant. Ser49 is 6 amino acids away from the membrane. Taken 

together, these results provide an image in which the CRDs of a rigid receptor dimer, with both 

of the glycan-binding sites facing upward, are spaced from the cell surface by a stretch of 25 

amino acid residues that form a flexible stalk. 
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Chapter 6 | General discussion 
 

The oligomeric states of the three mincle family receptors mincle, dectin-2 and BDCA-2 and 

the orientations of their CRDs have been investigated. 

 

Preformed dimers on cell surfaces  
 Mammalian cell expression systems have been employed to show that these receptors 

are likely to exist as preformed dimers on cell surfaces. Receptors linked to DAP-10 and DAP-

12 are often drawn as monomers that can come together to make a dimer at the event of 

binding to a ligand. For example, when a NKG2D homodimer binds to its monomeric ligand, 

subunits A and B interact with the α2 and α1 helices respectively (Zuo et al., 2018). However, 

this is not likely the case for mincle family receptors as it is clear from the mammalian cell 

experiments that both BDCA-2 and mincle are expressed as preformed dimers on the cell 

surface. Thus, it is hypothesized that initiation of transmembrane signalling results from 

bringing together dimers into larger clusters. 

 The mammalian cell expression system has also been employed to elucidate the role of 

cysteine residues in the transmembrane and neck regions in dimer formation. Mincle has been 

shown to be expressed as a disulfide-bonded dimer linked through a single neck cysteine 

residue in each polypeptide. Although the two intramembrane cysteine residues in mincle are 

not involved in dimerization, they may be required for efficient processing of the polypeptide 

on its way to the cell surface. The dimerization mechanism for BDCA-2 is different from that 

for mincle, since BDCA-2 is a non-covalently linked dimer on the cell surface (Kim, 2018). 

However, a single-nucleotide polymorphism found in one individual gives rise to a BDCA-2 

variant in which a serine residue in the neck region is replaced by a cysteine residue, 

corresponding to the interchain disulfide bond-forming cysteine residue in the neck region of 

mincle. Characterization of this BDCA-2 variant confirms formation of a disulfide-linked dimer 

as seen with mincle. 

 These results demonstrate that, although they are superficially different, the dimers 

formed by mincle and BDCA-2 are likely to involve similar interactions. Based in its similarity 

to BDCA-2, the same is likely true for dectin-2. In all three cases, key interface residues must 

lie in the neck region. Previous information that formation of a three-helix interface is required 

for assembly of a receptor molecule with an FcRγ dimer (Feng et al., 2005) would suggest a 

stoichiometric ratio of 2 receptor polypeptide to 4 FcRγ polypeptides for mincle family receptors. 

 

Orientation of CRDs in receptor dimers 

 Although the neck region is important for dimer formation, the presence of the full neck 

and carbohydrate-recognition domains is not sufficient for stabilizing a dimer of mincle and 
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forming the interchain disulfide bond. Appending an N-terminal dimerization domain greatly 

improves dimerization efficiency. This attachment may act as a substitute for the 

transmembrane domain by providing critical interactions beyond the neck region and aligning 

the neck cysteine residues from the two mincle subunits. The ability of dimerization domains 

to stabilize dimers of dectin-2 and BDCA-2 as well as mincle led to identification of interactions 

between the CRDs seen in crystal structures of the CRDs from dectin-2 and BDCA-2. The 

importance of the neck domain was confirmed by demonstration that part of the BDCA-2 neck 

is sufficient to form partially dissociating dimers. 

 In spite of the similarities, the dimer interface in mincle may be somewhat different to the 

interfaces in dectin-2 and BDCA-2 due to the disulfide bond and an N-linked glycosylation site 

in the neck region of mincle. The CRDs of dectin-2 and BDCA-2 contain one (Asn131) and 

three (Asn110, Asn137, and Asn164) N-linked glycosylation sites respectively (Fig. 6.2B). 

Since none of these sites is close to the dimer interface, N-linked glycosylation is not likely to 

interfere with dimer formation in dectin-2 and BDCA-2 on the membrane. In the case of mincle, 

the N-linked glycosylation site in the CRD, at Asn107, corresponds to Asn110 of BDCA-2 and 

would thus not interfere with dimer formation. The other N-linked glycosylation site of mincle, 

Asn62, resides in the neck region, 3 amino acids before the start of the CRD. Since this site 

would be near where the polypeptide comes out of the dimer interface and starts to loop back 

around to the membrane, the glycosylation seems unlikely to interfere with dimer formation. 

However, N-linked glycans in IgA and NKp30 have been reported to promote oligomerization 

or binding to NKp30 ligands (Göritzer et al., 2020; Skořepa et al., 2020). In a similar way, the 

N-linked glycosylation site in the neck region of mincle could serve a biological function such 

as interfering with receptor clustering or dictating the orientation of clustering. (Fig. 6.1). 

 The geometry at which the binding sites are arranged in the BDCA-2 and dectin-2 dimers 

puts major constraints on how multivalent ligands would interact with these receptors. Two 

factors argue against the suggestion that signal initiation results from binding of multiple sugar 

residues in oligosaccharide ligands to the two binding sites in a dimer. First, the similar 

geometry in BDCA-2 and dectin-2 suggests that the orientations are likely rigid and thus the 

relative orientation of the CRDs is not likely to be changed by the ligands. Second, binding to 

the two subunits would probably be unfavourable, because the distance across the dimer is 

approximately 70 Å and would require a precise geometric fit to the binding sites (Fig. 6.2). 

However, it is possible to bring the binding sites in subunits of two different dimers within 13 Å 

of each other and these interactions could form in multiple different orientations. The resulting 

selection against binding of multivalent ligands to two subunits in a single dimer and 

preferential binding to two separate dimers is essential to initiate signalling by clustering, since 

binding of a ligand to two sites on the same receptor would not do anything.  
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 The crystal structure of dectin-2 with a bivalent oligosaccharide provides some insight into 

potential ways that CRDs could be brought together by oligosaccharide ligands. However, the 

geometry of the dimers observed is distorted from the likely arrangement on the cell surface, 

since the two dimers must be bent around to accommodate the relatively small oligosaccharide 

(Fig. 6.3). While this distortion probably reflects the small size of the oligosaccharide ligand, in 

which three sugar residues bridge between the sugars that interact with Ca2+ in the two CRDs, 

it is also possible that binding in this orientation could cause bending of the membrane, which 

might be an alternative mechanism of initiating signalling. 

 Knowledge of receptor dimer geometry will facilitate design of bivalent or multivalent 

stimulatory ligands with appropriate spacers. Such ligands would need to be tested on cells, 

since interaction of the bridging ligand would only need to stabilize dimer formation in the 

constrained, two-dimensional environment of the membrane. In addition, the dectin-2 results 

suggest that multivalent binding with inappropriate geometry might be observed when the CRD 

is in solution and not on the cell surface. Synthetic ligands that cause clustering on cells could 

have utility in modulation of the immune response. For example, mincle stimulation has been 

targeted for adjuvant action in vaccines and BDCA-2 stimulation is being targeted for 

suppression of interferon α/β secretion in systemic lupus erythematosus and other auto-

immune diseases (Decout et al., 2017; Furie et al., 2019). 
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Figure 6.1. Summary of what dimers of mincle and BDCA-2 or dectin-2 may look like on 
the cell membrane. N-linked glycosylation in the neck region of mincle is shown in purple. 
Bivalent/multivalent ligands that bind to carbohydrate-recognition domains of adjacent dimers 
are shown as red arrows. Disulfide bond in the neck region of mincle is shown as a black line. 
 

 
Figure 6.2. Potential mechanism for ligand crosslinking of receptor dimers on the cell 
membrane. (A) Side view of the proposed dimer showing its potential orientation relative to 
the membrane. Stretches of amino acids that loop around to the membrane are shown as 
black dashed lines. (B) Top view looking down on the membrane, comparing the spacing of 
binding sites within a dimer (red arrow) and between adjacent dimers (black arrow) in two 
orientations. Asparagine residues bearing N-linked glycosylation sites are shown as sticks in 
blue in both panels. Bound oligosaccharides are shown facing out of the page. Based on PDB 
entry 4ZES. 
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Figure 6.3. Distorted arrangement of dectin-2 where receptors are bent over to 
accommodate a small oligosaccharide. Based on PDB entry 5VYB. Ligand-induced dimer 
is shown in cyan and the other subunits in each preformed dimer are shown in magenta. 
Carbon backbones of the sugar molecules are yellow. 
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Chapter 7 | Materials and Methods 
 

7.1 Molecular Biology 
Modification of expression plasmids for expression in HEK cells 
 Mutagenesis of the BDCA-2 neck serine residue to cysteine was achieved by a two-step 

polymerase chain reaction (PCR). Forward and reverse primers were dissolved in deionized 

water to 100 µM and diluted in deionized water to make 10 µM working stocks. The PCR mix 

contained a final concentration of 0.22 µM deoxynucleotide triphosphates, and 1X Advantage-

HF 2 polymerase. For the first PCR step, a pCR2.1-TOPO plasmid containing the wild-type 

BDCA-2 cDNA was used as a template (Jégouzo et al., 2015). Forward primer bdca2mut5 and 

reverse primer bdca2mut7 were added at concentrations of 5 µM to create the front part of the 

construct with the neck mutation. Forward primer bdca2mut6 and reverse primer bdca2mut8 

were added at concentrations of 5 µM to produce the back part of the construct. The reactions 

were heated at 95°C for 2 min, followed by 40 cycles of 30-s denaturation at 95°C followed by 

2-min renaturation and elongation at 65°C. The PCR products were eluted from a 2% agarose 

gel, lyophilized and resuspended in 100 µl of 10 mM Tris-Cl, 1 mM EDTA, pH 8.0. For the 

second PCR step, forward primer bdca2mut5 and reverse primer bdca2mut8 were added at 

concentrations of 5 µM to the PCR mix along with the PCR products encoding the front part 

and back parts of the construct from the first PCR step. Amplified DNA was isolated directly 

from agarose gels and cloned into vector pCR-TOPO (Invitrogen) following the manufacturer’s 

protocol. 

 Fragments encoding receptors were generated by Not1 and Sac1 digestion of vectors 

containing the PCR products or synthetic cDNAs  and isolated on 1.5% agarose gels. Ligation 

was performed by combining insert with wild-type mincle/pSF-CMV-EMCV-Zeo expression 

plasmid digested with Not1 and Sac1 and treated with calf-intestinal alkaline phosphatase in 

a ligation reaction containing 1X T4 DNA ligase buffer and 40 units/µl T4 DNA ligase (New 

England Biolabs). After incubation for 2.5 h at 18°C, followed by 1 h at room temperature, the 

products were used to transform Escherichia coli strain DH5α (Invitrogen). Single colonies 

were picked and grown in Luria-Bertani (LB) medium. Plasmid DNA isolated from individual 

minipreps was sequenced to check for integrity (Eurofin Genomics). 

 

Transfection of HEK 293 cells 
 Single colonies of E. coli containing the expression constructs were picked and grown in 

100 ml of LB medium containing 50 µg/ml kanamycin. Cultures were grown at 37°C with 

shaking for 12-16 hours. Bacterial growth was monitored so that the OD600 did not exceed 4. 

Purification of the expression plasmids employed the NucleoBond Xtra Midi plasmid protocol 

(Macherey-Nagel). Purified expression plasmids were sterilized by ethanol precipitation.  
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 Transfection of HEK 293 cells was carried out with the Lipofectamine 3000 reagent 

(Invitrogen). To make up DNA solution for transfection, the concentration of sterilized DNA 

was determined by measurement of A260. BDCA-2 and FcRγ plasmids (1.25 µg each) were 

added to 125 µl of OptiMEM medium with 5 µl of p3000 reagent. The plasmids were mixed 

with 3.75 µl of lipofectamine 3000 reagent in 125 µl of OptiMEM. A twice-concentrated DNA 

solution was prepared by doubling the amounts of each plasmid and mixing with doubled 

portions of lipofectamine 3000 reagent in the same volumes of OptiMEM. DNA solutions at 

two concentrations were incubated at room temperature for 15 min, added to HEK 293 cells 

at 90% confluence and incubated at 37°C, 5% CO2 for 5 hours, after which the medium was 

changed to Dulbecco’s Modified Eagle’s Medium (DMEM, Life Technologies) supplemented 

with 10% fetal calf serum and 10 U/ml penicillin-streptomycin (Gibco). On the next day, each 

plate of transfected cells was passaged onto a 90 mm plate and grown in fresh DMEM with 

10% fetal calf serum and 10 U/ml penicillin-streptomycin. After 48 hours, cells were moved to 

DMEM containing 10% fetal calf serum, 10 U/ml penicillin-streptomycin, 300 µg/ml zeocin 

(Invitrogen) and 200 µg/ml hygromycin (Invitrogen). Following selection for 10 - 14 days, single 

colonies of zeocin- and hygromycin-resistant cells were picked and transferred to a 24-well 

plate before being passaged into 25 cm2 or 75 cm2 flasks. 

 

Creation of mincle, dectin-2 and BDCA-2 extracellular domain expression constructs 
 Pairs of forward and reverse oligonucleotides encoding cow mincle neck domain, and cow 

mincle neck domain with an N-terminal GCN4 dimerization domain and a factor Xa cleavage 

site were synthesized (Thermo Fisher). For kinase treatment and annealing of 

oligonucleotides, 100 µM stocks of oligonucleotides were prepared in deionized water. Stock 

solutions were diluted to 25 µM in 20 µl of 1X T4 polynucleotide kinase buffer containing 1 mM 

ATP and 10 units of T4 polynucleotide kinase (New England Biolabs). Following incubation for 

1 h at 37°C, pairs of oligonucleotide were pooled and purified by phenol-chloroform extraction, 

followed by ethanol precipitation and lyophilization. Lyophilized oligonucleotides were 

dissolved in 30 µl of 50 mM Tris-Cl pH 7.4 containing 10 mM MgCl2, denatured by heating for 

2 min at 100°C and cooled to room temperature to allow annealing of forward and reverse 

oligonucleotides. Ligation was performed by mixing diluted phosphorylated oligonucleotides 

with expression vector pT5T (Eisenberg et al., 1990) digested with appropriate restriction 

enzymes and treated with calf-intestinal alkaline phosphatase. Ligation reaction containing 1X 

T4 DNA ligase buffer and 40 units/µl T4 DNA ligase (New England Biolabs) were incubated 

for 2.5 h at 18°C, followed by 1 h at room temperature, and were used to transform E. coli 

strain DH5α. All of the final plasmids were checked by DNA sequencing. 
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7.2 Purification of proteins from transfected HEK cells 
Affinity resins 
 Preparation of trehalose-Sepharose and mannose-Sepharose resins followed the divinyl 

sulfone coupling methods (Fornstedt and Porath, 1975). Desialylated egg-glycopeptide 

agarose column was prepared as described by Jégouzo et al. (2015). 

 

BDCA-2 
 Medium was removed from two 75-cm2 flasks of HEK BDCA-2 / FcRγ transfectants. Cells 

were rinsed twice with 10 ml of phosphate-buffered saline and harvested. Cells were lysed by 

dounce homogenization (7 ml; Wheaton) in 5 ml of cold lysis buffer containing 0.15 M NaCl, 

25 mM Tris-Cl pH 7.8, 2.5 mM CaCl2, 10 mM N-ethylmaleimide, 1% Triton X-100 (Roche), and 

50 μl of protease inhibitor (Merck Millipore). The lysate was centrifuged at 16,000 g, 4 ˚C for 

10 min. The supernatant was loaded onto a 1-ml desialylated egg-glycopeptide column, which 

was rinsed with 5 ml of wash buffer (0.15 M NaCl, 25 mM Tris-Cl pH 7.8, 2.5 mM CaCl2, and 

0.1% Triton X-100) and eluted in five 0.5-ml fractions with elution buffer (0.15 M NaCl, 25 mM 

Tris-Cl pH 7.8, 2.5 mM EDTA and 0.1% Triton X-100). Eluted fractions 2 to 5 were precipitated 

by addition of ½ volume of 30% trichloroacetic acid (TCA) and incubated for 10 min at 4 ˚C. 

TCA-precipitated fractions were centrifuged at 16,000 g for 5 min at room temperature, washed 

twice with 0.5 ml of ethanol:ether (1:1) and lyophilized for 5 min. Pellets were dissolved in 1X 

gel sample buffer with or without 1% 2-mercaptoethanol for SDS-polyacrylamide gel 

electrophoresis. 

 

Mincle 
 Medium was removed from two 75-cm2 flasks of HEK mincle / FcRγ transfectants. Cells 

were rinsed twice with 10 ml of phosphate-buffered saline and harvested. Cells were lysed by 

homogenization in a 1-ml syringe in 1 ml of cold lysis buffer containing 0.15 M NaCl, 25 mM 

Tris-Cl pH 7.8, 2.5 mM CaCl2, 1% Triton X-100 (Roche), 10 μl of protease inhibitor (Merck 

Millipore), and 0.5 μl of Benzonase nuclease (Sigma). Lysate was centrifuged at 16,000 g, 4 

˚C for 10 min. Supernatant was loaded onto a 2-ml trehalose-Sepharose column. Fractions 1 

to 3 were collected by rinsing the column three times with 1-ml wash buffer containing 0.15 M 

NaCl, 25 mM Tris-Cl pH 7.8, 2.5 mM CaCl2, and 0.1% Triton X-100. A further 0.5-ml wash was 

collected with the first 0.5-ml elution (fraction 4) in elution buffer containing 0.15 M NaCl, 25 

mM Tris-Cl pH 7.8, 2.5 mM EDTA and 0.1% Triton X-100, followed by collection of three 1-ml 

elution fractions (fractions 5 to 7). Eluted fractions 5 to 7 were precipitated by addition of TCA 

and prepared for SDS-polyacrylamide gel electrophoresis as above. 
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7.3 Expression of protein fragments in bacteria 
Expression and purification of extracellular domain fragments 
 Proteins were expressed from pT5T plasmids in E. coli strain BL21 (DE3). Cells were 

grown in LB medium containing 50 μg/m ampicillin with shaking to an A550 of 0.7 at 37 ˚C, 

isopropyl β-D-thiogalactoside was added to 50 μM and incubation was continued for a further 

2.5 h at 37 ˚C. Cultures were harvested by centrifugation at 4,000 rpm for 15 min at 4 ˚C in a 

Beckman JLA-8.1000 rotor. Cell pellets were washed by resuspension in 10 mM Tris-Cl pH 

7.8 and sonicated with four bursts of 60 sec following by 30-min cooling intervals. Inclusion 

bodies were collected at 10,000 rpm for 15 min at 4 ˚C in a Thermo Scientific Fiberlite F21-

8x50y rotor, resuspended in 6 M guanidine-HCl, 100 mM Tris-Cl, pH 7.0, by homogenization: 

100 ml for a 6-L preparation or 30 ml for a 2-L preparation. 2-Mercaptoethanol was added to 

0.01% followed by incubation for 30 min at 4 ˚C. 

 After 30-min centrifugation at 35,000 rpm in a Beckman type 70.1 Ti rotor, the supernatant 

was subject to direct dialysis or dilution dialysis. For direct dialysis, the supernatant was 

dialyzed against 2 l of a dialysis buffer containing 0.5 M NaCl, 25 mM Tris-Cl 7.8, 25 mM CaCl2, 

with constant stirring at 4 ˚C, and buffer was changed three times, followed by removal of 

precipitates by 30-min centrifugation at 18,000 rpm in a Thermo Scientific Fiberlite F21-8x50y 

rotor. Alternative renaturation schemes were either batch dilution or gradual dilution. For batch 

dilution, the supernatant was dripped slowly into 4 volumes of dialysis buffer with stirring, to 

achieve a 1 in 5 dilution, followed by dialysis against three changes of the same buffer. For 

gradual dilution, dialysis buffer was slowly added to the supernatant with stirring to achieve a 

5-fold dilution, followed by dialysis with three changes. For renaturation of mincle extracellular 

domain without dimerization domain or with GCN4 dimerization domain, direct dialysis and 

batch dilution schemes were attempted where specified. For renaturation of mincle 

extracellular domain with synthetic dimerization domain, Triton X-100 was added to 1% to the 

guanidine HCl-solubilized protein before gradual dilution. Gradual dilution was employed for 

dectin-2 renaturation. Batch dilution was used for BDCA-2 renaturation. 

 After centrifugation and filtering through glass wool, the supernatant of mincle was passed 

through either a 10-ml trehalose-Sepharose column or a 2-ml trehalose-Sepharose column. 

Dectin-2 was passed through a 2-ml mannose-Sepharose column. The 10-ml sugar-

Sepharose columns were rinsed with 2 + 8 ml of 0.15 M NaCl, 25 mM Tris-Cl pH 7.8, and 25 

mM CaCl2, and eluted in fifteen 1-ml fractions of 0.15 M NaCl, 25 mM Tris-Cl pH 7.8, and 2.5 

mM EDTA. The 2-ml sugar-Sepharose columns were rinsed with 2 + 8 ml of 0.15 M NaCl, 25 

mM Tris-Cl pH 7.8, and 25 mM CaCl2, and eluted in ten 0.5-ml fractions of 0.15 M NaCl, 25 

mM Tris-Cl pH 7.8, and 2.5 mM EDTA. For BDCA-2, the centrifuged supernatant was passed 

through a 5-ml desialylated egg-glycopeptide agarose column, rinsed with 2 + 8 ml of 0.15 M 
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NaCl, 25 mM Tris-Cl pH 7.8, and 25 mM CaCl2, and eluted in ten 1-ml fractions of 0.15 M 

NaCl, 25 mM Tris-Cl pH 7.8, and 2.5 mM EDTA. 

 For structural analysis, fractions of affinity-purified receptor extracellular domain with 

appended synthetic dimerization domain were pooled, dialyzed against water, lyophilized, and 

re-dissolved in water. The pH of the protein solution was adjusted to between 7 and 8 using 1 

M NaOH. The protein concentration was determined by absorbance at 280 nm. Neutralized 

protein solution was re-lyophilized and 5 mg of BDCA-2 extended CRD, 5.2 mg of Dectin-2 

ECD D12, 1.1 mg of Mincle ECD D9 and 1.2 mg of Mincle ECD D10 were supplied to Hadar 

Feinberg (Stanford University) for a crystallization screen and structure determination. 

 

Cu2+-o-phenanthroline catalysis of inter-chain disulfide bond formation 
 Purified human mincle extracellular domain (estimated 10 µg) was dialyzed against water, 

lyophilized and re-dissolved in 1/10 its original volume (100 µl) of a buffer containing 0.15 M 

NaCl, 25 mM Tris-Cl pH 7.8, and 2.5 mM CaCl2. Ten-times concentrated protein was incubated 

without or with a mix of 1 mM 1,10-phenanthroline and 0.5 mM cupric acetate at room 

temperature for 30 min before addition of 2X sample buffer without or with 2% 2-

mercaptoethanol and separation on an SDS-polyacrylamide gel. 

 

Protease cleavage 
 Stock concentrations of proteases were: 2 µg/ml enterokinase (New England Biolabs); 1 

mg/ml Factor Xa (New England Biolabs); and 40 mg/ml thrombin, prepared freshly by 

dissolving 2 mg of lyophilized thrombin (Sigma-Aldrich) in 50 µl of water. Enzymes diluted at 

a 1:10 ratio were prepared by mixing the stock enzyme solution with digestion buffer containing 

0.15 M NaCl, 25 mM Tris-Cl pH 7.8, and 2.5 mM CaCl2. Substrate was prepared by adding 

CaCl2 to 5 mM to the 6th eluted fractions of affinity-purified Mincle ECD P1, P2, and P3. Aliquots 

(20 µl, estimated 0.6 µg) of substrate were incubated without enzyme or with 1 µl of 1:10 

diluted enzymes or 1 µl of enzyme stocks. For enterokinase digestion and factor Xa digestion, 

samples were incubated at 37 ˚C for 3 h. For thrombin digestion, samples were incubated at 

37 ˚C for 18 h. Negative controls minus substrate were prepared by mixing 10 µl of digestion 

buffer with 10 µl of 1:10 diluted enzymes. Reactions were stopped by mixing sample with equal 

volume of 2X sample buffer without or with 2% 2-mercaptoethanol and heating at 100 ˚C for 5 

min. Portions (20 µl) of each sample were resolved on SDS-polyacrylamide gels. 

 The stock concentration of furin (New England Biolabs) was 2,000 U/ml. Substrate was 

prepared by adding CaCl2 to 5 mM to the 5th eluted fraction of affinity-purified Mincle ECD P4. 

For the optimized protocol, 5 U of furin was added per 100 µl of substrate and reaction was 

incubated at 30 ˚C for 18 h. The minus enzyme control contained 20 µl of substrate and was 

kept 4 ˚C. For SDS-polyacrylamide gel electrophoresis, 20 µl aliquots of control and digested 
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samples were mixed with an equal volume of 2X sample buffer in the presence or absence of 

2% 2-mercaptoethanol, heated at 100 ˚C for 5 min, and 20 µl of each sample was analyzed 

on an SDS-polyacrylamide gel. 

 To test effects of temperature and detergent on furin digestion, 5 U of furin was added per 

100 µl of substrate. Samples were incubated in the presence or absence of 0.5% Triton X-

100, and reactions were incubated at 30 ˚C or at 37 ˚C for 18 h. After incubation, each sample 

was centrifuged at 16,000 g for 5 min, and supernatant was separated from pellet. The minus 

enzyme control contained 20 µl of substrate and was kept 4 ˚C. For SDS-polyacrylamide gel 

electrophoresis, 20 µl of control and supernatant of digested samples (containing 2 U of furin) 

were mixed with equal volume of 2X sample buffer, and pellets were resuspended in 20 µl of 

1X sample buffer. After heating at 100 ˚C for 5 min, 20 µl of each sample was analyzed on an 

SDS-polyacrylamide gel. 

 To test effects of prolonged digestion time and amount of enzyme on completion of 

reaction, 0.8 U or 3.2 U of furin were added per 20 µl of substrate. Triton X-100 was added to 

all samples to 0.5%. The minus enzyme control contained 20 µl of substrate and was kept 4 

˚C until SDS-polyacrylamide gel electrophoresis. After incubating at 37 ˚C for 18 h, 42 h, or 66 

h, reactions were stopped by mixing with an equal volume of 2X sample buffer and heating at 

100 ˚C for 5 min. Aliquots (20 µl) of each sample were resolved on SDS-polyacrylamide gels. 

 

7.4 Protein analysis 
PNGase F / Endo Hf treatment 
 Following affinity purification of BDCA-2, fractions 2 to 5 were pooled and TCA 

precipitated. Pellets were resuspended in 0.5% SDS containing 40 mM dithiothreitol, and 

heated at 100 ˚C for 10 min. For PNGase treatment, the sample was incubated with 0.2, 0.5 

or 1 unit of PNGase F (Roche) in 50 mM sodium phosphate pH 7.5 and 1% NP-40 at 37 ˚C 

for 15 min. For Endo Hf treatment, the sample was incubated with 200, 500 or 1,000 units of 

Endo Hf (New England Biolabs) in 50 mM sodium acetate pH 6 at 37 ˚C for 15 min. Sample 

incubation in the absence of either enzyme were carried out as a control. Reactions were 

stopped by addition of equal volumes of 2X gel sample buffer containing 2% 2-

mercaptoethanol and heating at 100 ˚C for 5 min. 

 Following affinity purification of mincle, fractions 5 to 7 were pooled, TCA precipitated, 

treated with PNGase F or Endo Hf, and prepared for SDS-polyacrylamide gel electrophoresis 

as described above. 

 

Chemical crosslinking 
 Crosslinking reagent bis(sulfosuccinimidyl) suberate (BS3; Pierce) was dissolved in 

deionized water to 12 mg/ml and serially diluted in water. Cell lysate of one 75 cm2 flask of 
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confluent HEK transfectants co-expressing BDCA-2 or mincle was fractionated by affinity 

chromatography on a 1-ml desialylated egg-glycopeptide column or a 1-ml trehalose-

Sepharose column respectively. After application of the sample, the column was rinsed with 5 

ml of wash buffer (0.15 M NaCl, 25 mM HEPES pH 7.8, 2.5 mM CaCl2, and 0.1% Triton X-

100) and eluted in five 0.5-ml fractions with elution buffer (0.15 M NaCl, 25 mM HEPES pH 

7.8, 2.5 mM EDTA and 0.1% Triton X-100). Dilutions of BS3 were added to affinity-purified 

BDCA-2 or mincle at a 1:10 ratio and incubated at room temperature for 30 min. TCA 

precipitation was carried out as described above and pellets were dissolved in 1X gel sample 

buffer containing 1% 2-mercaptoethanol. 

 Dectin-2 extracellular domain for chemical crosslinking with bifunctional reagents was re-

purified by affinity chromatography on a 1-ml mannose-Sepharose column that was washed 

with 3 ml of 150 mM NaCl, 25 mM HEPES pH 7.8, 2.5 mM CaCl2 and eluted with 0.5-ml 

aliquots of 150 mM NaCl, 25 mM HEPES pH 7.8, 2.5 mM EDTA. BS3 and disuccinimidyl 

tartrate (Pierce) were dissolved in water to 12 mg/ml and 50 mg/ml respectively and serially 

diluted in water. 1,5-Difluoro-2,4-dinitrobenzene (Pierce) was dissolved in ethanol to 10 mg/ml 

and serially diluted in ethanol. Diluted reagents were added to 15 µl of dectin-2 (estimated 3.5 

µg) at a 1:10 ratio and incubated at room temperature for 30 min. Dectin-2 extracellular domain 

(1.5 ml, estimated 0.35 mg) for crosslinking with 1-ethyl-3-[3-

dimethylaminopropyl]carbodiimide (Fluorochem), was dialyzed against 100 mM NaCl, 50 mM 

MES pH 6.5 with three buffer changes. N-Hydroxysuccinimide (Sigma-Aldrich) and N-

hydroxysulfosuccinimide (Sigma-Aldrich) were dissolved in deionized water to 23 mg/ml and 

43 mg/ml respectively and added to aliquots (15 µl) of dectin-2 at a 1:10 ratio. 1-Ethyl-3-[3-

dimethylaminopropyl]carbodiimide was dissolved in deionized water to 192 mg/ml, added to 

the reactions at ratios of 1:15, 1:30 or 1:60, and incubated at room temperature for 1 h. 

Reactions were stopped by adding 2X sample buffer containing 1% 2-mercaptoethanol and 

were immediately analyzed on a 17.5% SDS-polyacrylamide gel. 

 

Computational analysis 
 Molecular structures were visualized, analyzed and rendered for figures in PyMol. Buried 

surface area was analyzed using the PDBePISA software on the EMBL-EBI website 

(https://www.ebi.ac.uk/msd-srv/prot_int/pistart.html). 

 

Gels and blotting 
 SDS-polyacrylamide gel electrophoresis was performed on gels containing 17.5% 

acrylamide according to Laemmli (1970), followed by Coomassie blue staining or western 

blotting onto nitrocellulose (Burnette, 1981). Blots were blocked in 5% bovine serum albumin 

in Tris-buffered saline, pH 7.4 for 30 min at room temperature, followed by overnight incubation 
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with primary antibody or antiserum. Blots were washed in four changes of Tris-buffered saline 

for 5 min, 10 min, 10 min, and 5 min with 0.1% Triton X-100 in the middle two washes. After 

incubation with an alkaline phosphatase-conjugated secondary antibody for 60 min at room 

temperature, blots were washed as above and developed in nitro-blue tetrazolium / 5-bromo-

4-chloro-3-indolyl phosphate (BCIP/NBT; Merck). 

 For detecting BDCA-2, rabbit polyclonal anti-BDCA-2 antibody that was raised against the 

BDCA-2 CRD expressed in E. coli was used at 1:5000 dilution as a primary antibody and 

protein A conjugated to alkaline phosphatase (Millipore) was used at 1:5000 dilution as a 

secondary reagent. Mouse monoclonal anti-CLECSF9 antibody (Abnova) was used at 

1:10,000 dilution as a primary antibody for detecting mincle and goat anti-mouse IgG and IgM 

antibody conjugated to alkaline phosphatase (Jackson ImmunoResearch Laboratories) was 

used at 1:5000 dilution as a secondary antibody. For detecting FcRγ, rabbit polyclonal anti-

FcRγ antibody (Millipore) was used at 1:2000 dilution as a primary antibody and protein A 

conjugated to alkaline phosphatase was used at 1:5000 dilution as a secondary reagent. 

 

Gel-filtration analysis 
 Gel-filtration analysis was performed on a 1 x 30 cm Superdex-S75 column (GE 

Healthcare Life Sciences). For analysis of resolubilized samples, affinity-purified protein was 

dialyzed against water, lyophilized, redissolved in gel filtration elution buffer containing 10 mM 

Tris-Cl, pH 7.8, 100 mM NaCl and 2.5 mM EDTA, and centrifuged at 16,000 g for 5 min. The 

supernatant was loaded onto the Superdex-S75 column, which was eluted with gel filtration 

elution buffer at a flow rate of 0.5 ml/min. Absorbance was monitored at 280 nm. Elution 

positions of the following standard proteins (with Mr as indicated) were determined: Aprotinin 

(6.5 kDa), cytochrome c (12.4 kDa), bovine erythrocyte carbonic anhydrase (29 kDa), 

ovalbumin (43 kDa), and bovine serum albumin (67 kDa). 

 

Mass spectrometry 
 To prepare peptides from uncrosslinked human dectin-2 extracellular domain with a 3-

heptad dimerization domain or uncrosslinked bovine mincle extracellular domain with a 2- or 

3-heptad dimerization domain for mass spectrometry, 100 µl of affinity-purified dectin-2 (66 

µg) or each affinity-purified mincle construct (10 µg) was incubated in 400 µl of 6 M guanidine-

HCl, pH 7, to which dithiothreitol was added to 5 mM. Reactions were incubated for 20 min at 

56 ˚C. To carboxymethylate free thiol groups, sodium iodoacetate was added to a final 

concentration of 15 mM and samples were incubated for 20 min at room temperature in the 

dark. Carboxymethylated samples were dialyzed against deionized water with three changes 

and lyophilized. 
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 For in-solution chymotrypsin digestion, a stock solution of sequencing-grade chymotrypsin 

(Promega) was prepared by dissolving to 0.1 µg/µl in 0.5% NH4HCO3. A digestion buffer was 

prepared by diluting ProteaseMAX Surfactant (Promega) to 0.01% in 0.5% NH4HCO3. 

Reactions were set up by adding 2.5 µl of stock chymotrypsin solution to lyophilized mincle in 

50 µl of digestion buffer and adding 6 µl of stock chymotrypsin solution to lyophilized dectin-2 

in 50 µl of digestion buffer. Samples were incubated overnight at 25 ˚C. To inactivate 

chymotrypsin, a 10% solution of trifluoroacetic acid was prepared in deionized water and this 

solution was added to make the solution 0.5% trifluoroacetic acid followed by mixing and 

lyophilization. To retrieve and enrich peptides, a 10 µl Omix C18 tip (Agilent Technologies) 

that had been wetted with 50% acetonitrile and washed with 0.1% trifluoroacetic acid was used 

to aspirate and dispense each sample 10 times, followed by 10 washes with 0.1% 

trifluoroacetic acid, and the hydrophobic peptides were eluted with 10 µl of 50% acetonitrile in 

0.05% trifluoroacetic acid. 

 Matrix was prepared by dissolving 10 mg of α-cyano-4-hydroxycinnamic acid in 1 ml of 

50% acetonitrile, 0.05% trifluoroacetic acid in water. Peptide solution (0.5 µl) was spotted on 

to a sample plate on which 0.5 µl of matrix has been spotted on and allowed to dry. Mass 

spectrometry data were collected on an Applied Biosystems 4800 time-of-flight mass 

spectrometer. Peak picking for peptide mass fingerprint data was performed using Data 

Explorer software. 

 

Solubility test 
 Affinity-purified receptor extracellular domain dimers were pooled, dialyzed against water 

and lyophilized. Lyophilized protein was re-dissolved in 25 µl of water and the pH was adjusted 

to between 7 and 8 using pH paper. Tris-Cl buffer, pH 7.8 was added to a final concentration 

of 10 mM and the sample was kept at 4 ˚C for 16 h. The sample was centrifuged at 16,000 g 

for 5 min and the pellet was resuspended in 25 µl of 10 mM Tris-Cl, pH 7.8. 
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