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The C-type lectin receptor Clec4f has been identified as a specific surface marker

for Kupffer cells, although its ortholog is absent in humans and its biological func-

tion remains elusive. Here, we report the crystal structure of a truncated mouse tri-

meric Clec4f. The orientation between the carbohydrate-recognition domain of

Clec4f and its neck region differs from other C-type lectins, resulting in an

observed distance of 45 �A between the glycan-binding sites within the Clec4f tri-

mer. Interestingly, the trimeric coiled-coil interface within its heptad neck region

contains multiple polyglutamine interactions instead of the predominantly

hydrophobic leucine zipper found in other C-type lectin receptors. The Clec4f tri-

meric structure displays unique features regarding its assembly and ligand recogni-

tion, shedding light on the evolution and diversity of the C-type lectin family.

Keywords: Clec4f; crystallography; C-type lectin; Kupffer cell receptor;

trimer

C-type lectins play important roles in a diverse range of

physiologic functions because of their ability to recognize

a wide range of ligands. Particularly, C-type lectins con-

tribute to both innate and adaptive antimicrobial

immune responses by recognizing surface polysaccharides

of specific pathogens [1]. The C-type lectin domain fam-

ily 4 member f (Clec4f) was first characterized as the

Kupffer cell receptor (KCR) because of its exclusive

expression on Kupffer cells, and it was originally

identified as a hepatic fucose binding protein [2,3]. An

investigation of rat Clec4f glycan binding preferences

demonstrated high affinities for galactose- and N-acetyl-

galactosamine-terminated glycans [4] as well as desialy-

lated and complex N-linked glycans [5]. Similarly, a

systematic glycan array screen for murine Clec4f showed

strong binding to oligosaccharides containing either Gal-

NAc or galactose with exposed 3- and 4-OH groups [6].

Furthermore, Clec4f was indicated to be involved in

Abbreviations

Clec4f, C-type lectin domain family 4 member f; CRD, carbohydrate-recognition domain; KCR, Kupffer cell receptor.
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alpha galactosylceramide presentation and Listeria mono-

cytogenes infection in mouse liver [6]. The exact biologi-

cal functional of Clec4f in the Kupffer cell is still elusive,

with most Clec4f investigations performed in mouse,

whereas the Clec4f ortholog is absent in humans because

of aberrant splicing as reported by Taylor et al. [7].

Kupffer cells represent the largest population of

macrophages (m/) in mammals and the predominant

macrophage population in the liver under homeostatic

conditions. Recent studies have shown that Kupffer

cells must self-maintain via in situ proliferation [8].

Recent studies have shown that Clec4f is Kupffer cell-

specific, since it is exclusively expressed by Kupffer

cells and is absent in infiltrating MoM/s [8,9]. A sub-

sequent study has shown that exposure to lipopolysac-

charides (LPS) can activate a Clec4f-positive Kupffer

cell subset, but not other activated macrophages or

monocytes in the liver [10]. Although the exact func-

tion of Clec4f in Kupffer cell is not yet clearly delin-

eated, Clec4f is widely used as a highly specific

Kupffer cell marker to study the roles of distinct m/
populations present in the liver. Loss of Clec4f-positive

Kupffer cells was characterized in Crimean-Congo

hemorrhagic fever virus (CCHFV) in mice, where it

was shown to be associated with severe hepatic dam-

age [11]. Li and colleagues have shown that Clec4f is

necessary for the clearance of desialylated platelets due

to recognition of exposed galactose epitopes [12].

Clec4f is classified as a type II C-type lectin family

member, with a carbohydrate-recognition domain

(CRD) that recognizes glycans in a Ca2+-dependent

(C-type) manner. Besides the CRD, Clec4f contains an

N-terminal cytoplasmic signaling domain, a transmem-

brane hydrophobic helix, and a heptad neck region,

which stabilizes trimer formation. Here we report the

structure of a truncated trimeric mouse Clec4f contain-

ing the CRD and part of the heptad neck domain.

The Clec4f trimeric structure reveals two conserved

calcium-binding sites. The distance between the gly-

can-binding site and the orientation between the CRD

and neck region differs from that of Langerin and

other C-type lectins, which may contribute to the

unique recognition pattern of Clec4f. The Clec4f struc-

ture presented here enables further investigation of its

biological function and helps to shed light on the evo-

lution and diversity of type II C-type lectin families.

Materials and methods

Protein expression, refolding, and purification

The mouse Clec4f protein sequence was aligned with other

type II C-type lectin families in which the trimeric neck region

was observed to stabilize the trimeric state. Multiple different

length mouse Clec4f constructs were tested with expression,

refolding, and crystallization, and the construct spanning resi-

due 389 to the C terminus (residue 581) yielded a good

diffraction pattern. A DNA fragment corresponding to this

region in mouse Clec4f was inserted into the pBAD28a plas-

mid. The resulting pBAD-mClec4f389–581 plasmid was trans-

formed into the Escherichia coli BL21(DE3) star cell line.

Ensuing expression of recombinant truncated mClec4f

resulted in insoluble inclusion bodies. One liter of bacterial

culture was harvested by centrifugation and lysed by sonica-

tion in a buffer containing 50 mM Tris pH 8.0, 200 mM NaCl,

2 mM EDTA, 0.5% Triton X-100, 0.1 mM PMSF, and 1 mM

DTT. Inclusion bodies were collected and washed several

times by centrifugation in a buffer containing 50 mM Tris pH

8.0, 200 mM NaCl, 2 mM DTT. The inclusion bodies were

further dissolved in 25 mM Tris pH 7.0, 6 M guanidine HCl,

and 1 mM DTT. The solubilized supernatant was diluted

dropwise into 1 L 25 mM Tris pH 8.0, 150 mM NaCl, 0.8 M

arginine, 2.5 mM reduced glutathione, 0.5 mM oxidized glu-

tathione, and 25 mM CaCl2 at 4 °C. After 12 h incubation,

the mClec4f protein was concentrated to 2 mL and subse-

quently loaded onto a Superdex 75 16/60 (GE Healthcare)

size-exclusion chromatography column pre-equilibrated with

25 mM Tris pH 8.0, 150 mM NaCl, 5% glycerol, and 25 mM

CaCl2. The fractions containing mClec4f were confirmed by

SDS/PAGE and concentrated for further use.

Crystallization and X-ray diffraction data

collection

Size exclusion chromatography-purified mClec4f fractions

were concentrated to 4–5 mg�mL�1 and used for crystalliza-

tion trials. Initial crystallization screens were set up using 384-

well plates via sitting drop vapor diffusion against commer-

cially available screen kits at 20 °C. Crystals were grown in

0.1 M potassium thiocyanate, 30% polyethylene glycol mono-

methyl ether 2000. The mClec4f crystals were cryo-protected

with reservoir solution supplemented with 30% glycerol and

subsequently cryo-cooled in liquid nitrogen. X-ray diffraction

data were collected at Beamline BL19U1 at Shanghai Syn-

chrotron Radiation Facility (SSRF) with a rotation of 360°,
with 0.5° per image. The X-ray diffraction data were pro-

cessed and scaled using XDS [13], data collection details and

statistics are summarized in Table 1.

Structure determination and refinement

The dataset strongly indicated the crystal belonged to the

trigonal spacegroup P321, with one monomeric mClec4f

molecule in the asymmetric unit and 49% solvent content.

Molecular replacement was performed with Phaser using

truncated human Langerin C-type carbohydrate-recognition

domain (PDB: 3KQG) as a model [14,15], and resulted in a

single solution with a TFZ score of 31 and Rfree of 0.44
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after an initial round of refinement. Continued refinement

of the Clec4f model after tracing the missing residues

revealed an extended N-terminal a helix involved in

mClec4f trimer formation. However, further refinement of

the model in spacegroup P321 resulted in stalling of Rfree

around 0.39, likely due to a deviation from perfect 3-fold

symmetry in the Clec4f trimer. To overcome this, the data-

set was rescaled in P1 and the ensuing refinement eventu-

ally reduced the Rfree to 0.34, while still giving a relative

complete dataset with overall completeness of 93.82%. The

final dataset was processed to 2.8 �A with a = 75.15 �A,

b = 75.19 �A, c = 61.2 �A and a = 90.01, b = 90.04,

c = 120.06. Model building and refinement were performed

in Coot and Phenix [16,17]. Individual B-factor, NCS tor-

sion-angle and TLS parameters were used in refinement

strategies. The final model demonstrated an Rwork/Rfree

value of 0.245/0.2895 in spacegroup P1. Six Clec4f mono-

mers are present in the crystal asymmetric unit, of which

three form a trimer, while the remaining three form trimers

with symmetry mates. The final mouse Clec4f model

includes residues from 393 to 543, two calcium ions and

one water molecule per monomer.

Microscale thermophoresis assay

Glycan binding of reconstituted Clec4f trimer was assessed

with saturation binding experiment using the Microscale

Thermophoresis Assay as described before [18,19]. The

Microscale Thermophoresis Assay was carried on a Bio-

Rad CFX384TM RTPCR system, and the protein Thermal

ShiftTM dye (Thermo Fisher Scientific, Shanghai, China)

was used to detect the unfolding transition during melting

curves. In detail, 10 lM of trimeric mouse Clec4f recombi-

nant protein was incubated for 30 min in varying concen-

trations of GalNAc ranging from 0 to 700 lM. The melting

curve was recorded by a ramp rate of 0.2 degree�min�1.

Data were generated with the imbedded program and fur-

ther analyzed using the GRAPHPAD PRISM 8 software (La

Jolla, CA, USA).

Dynamic light scattering

Dynamic Light Scattering (DLS) measurements were per-

formed with a Malvern Zetasizer Nano ZS (Malvern, Her-

renberg, Germany) equipped with a 633-nm He-Ne laser

and operating at an angle of 173°. Each protein sample

was prepared in Tris-NaCl buffer (25 mM Tris, 150 mM

NaCl, 25 mM CaCl2, pH 8.0) at a concentration of 20 lM
mClec4f trimers, and filtered through a pre-rinsed 0.2-lm
filter followed by equilibration to 25°C before making a

minimum of three measurements per sample. The apparent

molecular weight was calculated using the manufacturer-

provided software from Malvern.

Results and Discussion

Evolution and sequence analysis of mouse Clec4f

Of the 16 members in the type II C-type lectin family

classified by the genomic animal lectin resource (http://

www.imperial.ac.uk/research/animallectins/), Clec4f has

a close evolutionary relationship with Langerin (CD207),

as indicated by phylogeny analysis (Fig. 1A) [20].

Despite their high degree of relatedness, the protein

length of Clec4f is 117 residues longer than Langerin

(Fig. 1B). Clec4f was recently suggested to be the result

of gene duplication of Langerin, which is expressed on

Langerhans cells and binds to pathogens like human

immunodeficiency virus (HIV) or opportunistic fungi

such as Candida [21,22]. Although Clec4f and Langerin

are expressed on distinct cell surfaces and represent dif-

ferent cell surface markers with potentially diverse bio-

logical functions, both mouse Clec4f and Langerin

consist of an N-terminal cytoplasmic signaling domain, a

hydrophobic single transmembrane helix, a heptad repeat

neck domain, and a CRD (Figs 1B, 2A). A sequence

alignment between mouse Clec4f and Langerin

Table 1. X-ray data collection and refinement statistics

Crystal Clec4f

Data collection

Spacegroup P1

a, b, c (�A) 75.15, 75.19, 61.2

a, b, c (°) 90.01, 90.04, 120.06

Resolution (�A) 32.6–2.8 (2.9–2.8)

Rmerge 0.073 (1.4)

Rmeas 0.088 (1.8)

Multiplicity 3.4 (3.5)

CC(1/2) 0.998 (0.61)

CC* 0.999 (0.80)

I/r(I) 7.93 (1.0)

Completeness (%) 93.82 (88.6)

Wilson B-factor (�A2) 97.63

Refinement

Total Reflections 94367 (9975)

Unique Reflections 27730 (2577)

Rwork/Rfree 0.2502/0.2895

Number of atoms

Protein 7370

Ligands 12

Average B-factor (�A2) 118.8

Protein ADP (�A2) 118.8

Ligands (�A2) 111.4

Ramachandran plot

Favored/Allowed (%) 92.3/7.6

Root-Mean-Square-Deviation

Bond lengths (�A) 0.005

Bond Angle (°) 0.75

PDB code 6JJJ

Statistics for the highest resolution shell are shown in parentheses.
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demonstrated a sequence identity of 54% in the CRD

(Fig. 1B) and a sequence identity of 25% in the cytoplas-

mic signaling domain. Both proteins lack the signature

immunoreceptor tyrosine-based inhibition (ITIM) motifs

observed in other members of the family (Fig. 1B). Par-

ticularly noteworthy, the heptad repeat neck domain of

Clec4f is over 100 residues longer than in Langerin

(Fig. 1B).

Crystal structure of trimeric mouse Clec4f

We designed, cloned, purified, and refolded recombi-

nant truncated Clec4f spanning residues 389–581,
including the whole CRD and part of the heptad

repeat neck region (Fig. 2A). Dynamic light scattering

(DLS) analysis indicates that recombinant truncated

Clec4f exists as a stable trimeric form in solution, with

an apparent diameter of 6.0 � 0.2 nm and an appar-

ent molecular weight of around 56 � 2 kDa (theoreti-

cal monomer molecular weight: 18.3 kDa) (Fig. 2B).

Characterization of glycan binding to recombinant

Clec4f using Microscale Thermophoresis Assay

revealed that supplementation with GalNAc molecules

increased the melting temperature of Clec4f in a con-

centration-dependent manner (Fig. 2C). Plotting this

effect as a function of GalNAc concentration indicated

a Kd of 89 lM (Fig. 2C). Thus, the Clec4f trimer binds

GalNAc with an affinity in the range of 10�5
M, simi-

lar to other lectins [23].

To gain insight into the assembly of trimeric mouse

Clec4f, recombinant truncated Clec4f389–581 was crys-

tallized and the structure was solved to 2.8 �A in space

Fig. 1. Evolution and sequence analysis of

mouse Clec4f. (A) Evolutionary relationship

of mouse Clec4f within the Type II C-type

lectin receptor family using the human

source sequences from the Genomic

Animal Lectin Resource (http://www.

imperial.ac.uk/research/animallectins/) and

generated using the Phylogeny.fr program

based on maximum likelihood tree

construction. Clec4f shows a close

evolutionary relatedness to Langerin.

Branch support values are colored red, and

represent the evolutionary similarity

between branches. (B) Sequence

alignment between mouse Clec4f and

Langerin. The carbohydrate-recognition

domains (CRD), Neck region,

transmembrane helix and cytoplasmic

signaling domain are indicated,

respectively. Although the CRD of Clec4f

and Langerin are 54% identical, Clec4f

contains a much longer neck region as

compared to Langerin. The red stars and

pink triangles represent residues involved

in the first and second calcium binding,

respectively.
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group P1 (Table 1, Fig. 2D). In the Clec4f structure,

two Ca2+ ions are present in calcium-binding motifs

that are relatively conserved within the C-type lectin

family. This clearly differs from Langerin, which has

only a single calcium-binding site (Fig. 2D,E) [24] that

forms part of the primary glycan-binding site. The

Fig. 2. Overall crystal structure of mouse Clec4f trimer. (A) Schematic representation of the domains present in full-length and truncated

mouse Clec4f. (B) Dynamic light scattering characterization of truncated mouse Clec4f shows an assembly with a diameter of 6 nm. (C)

Microscale Thermophoresis Assay of mouse Clec4f supplemented with varying concentrations of GalNAc. The left panel is a plot of

normalized DRFU versus temperature, indicating that binding of GalNAc increases the melting temperature of Clec4f. The right panel is a

plot of DTm versus GalNAc concentration, demonstrating a Kd of 89 lM. (D) Overall crystal structure of the trimeric mouse Clec4f in top

and side view. Calcium ions are shown as yellow spheres, while the distance between two calcium ions in CRDs from neighboring

monomers in the trimer is indicated using a dotted line. The primary and secondary binding Ca2+ are labeled with 1 and 2, respectively. The

S1 and S2 indicated the charged pockets of the calcium binding. (E) The residues involved in calcium ion binding are shown as sticks, while

the calcium ion and water molecule are represented as yellow and blue spheres, respectively. Top right: Charge smoothed electrostatic

surface view of trimeric mouse Clec4f; the arrow indicates the positively charged calcium-binding pocket potentially involved in glycan

recognition. (F) Alignment of the Ca2+ ion-binding motif between mouse Clec4f (cyan) and human Langerin (PDB: 3KQG) (gray). Labels of

the residues of Clec4f and Langerin are shown in black and red, respectively. Residues D515 and D474 in the secondary calcium-binding

site of Clec4f are replaced by H294 and K257 in Langerin, which strongly disfavor binding of calcium site, and cause residue E261 to be

flipped outside the CRD. Residues P503 in Clec4f and P286 in Langerin are present in the cis-proline conformation at the center of the QPD

and EPN motifs involved in calcium binding.
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corresponding Ca2+-binding site in Clec4f recruits the

sidechains of residues Q502, D504, E514, N524, D525,

and one water molecule, which is presumably displaced

upon glycan binding (Fig. 2E). This primary glycan-

Ca2+ binding site is largely conserved between Clec4f

and Langerin, except for the 502QPD504 sequence in

Clec4f that replaces the 285EPN287 sequence found in

Langerin (Fig. 2F). This difference has been reported

to be crucial for different glycan-binding specificities in

C-type lectins, with the QPD sequence favoring bind-

ing to galactose and GalNAc and the EPN sequence

favoring mannose, glucose, and GlcNAc [25–28]. Inter-

estingly, the central cis-proline residue in this motif

(Q502-P503-D504 in mouse Clec4f and E285-P286-

N287 in Langerin) plays an important structural role,

and mutation of this proline to serine in the human

clec4f gene is proposed to result in a loss of function,

combined with an additional mutation that prevents

the last exon of the CRD from being properly spliced

[7].

The secondary Ca2+ ion-binding site of Clec4f

involves the side chains of E478, D474, N505, D515,

and the main chain carbonyl of E514. The sequence

alignment shown in Fig. 1 demonstrates that in the

second calcium-binding motif, D474 and D515 in

mouse Clec4f are replaced by K257 and H294 in Lan-

gerin, respectively (Figs 2F and 1B), which strongly

disfavors the coordination of a calcium ion. Langerin

is thus similar to mouse DCIR2 and BDCA-2, which

lack a secondary calcium ion-binding site, because resi-

dues typically coordinating the Ca2+ ion are replaced

with basic amino acid side chains [29,30]. In Clec4f,

the Ca2+ ion in the secondary binding site is unlikely

to be directly involved in glycan binding, being com-

pletely coordinated by the protein. However, it does

modify the structure of the region, which may con-

tribute to the midpoint shift of the transition between

the sugar-binding and inactive conformations [28].

Interaction interface forming trimeric Clec4f

The main interface responsible for forming Clec4f tri-

mers is the coiled-coil structure found in the neck

region. Interestingly, the coiled-coil structure of Clec4f

is quite distinct from Langerin. Instead of forming a

canonical hydrophobic leucine zipper as found in Lan-

gerin, MBP, and many other C-type lectins, the Clec4f

trimer coiled-coil has a leucine/isoleucine core at the

first heptad preceding the CRD, but is followed by a

polyglutamine stack interface (Fig. 3A). Glutamine

residues at positions A and D of the second heptad

stack together through a network of hydrogen bonds

and salt bridges (Fig. 3A,B). Similar polyglutamine

coiled-coil structures are postulated in (Q/N)-rich pri-

ons and polyQ proteins involved in neurodegenerative

disorders, where they are thought to contribute to the

formation of pathogenic stable aggregates [31,32]. The

glutamine residues present in the polyglutamine coiled-

coil stack in mouse Clec4f are highly conserved

between other species, including rat, pig and chim-

panzee (Fig. 3C). Notably, in the region of the trimeric

coiled-coil interface, the frequency of glutamine resi-

dues is as high as 40% (Fig. 3C). Besides the glu-

tamine residues in the core of the coiled coil, there are

many conserved glutamine and other polar residues

lining the outer surface of the neck region as well.

Fig. 3. Trimeric interface of mouse Clec4f.

(A) Interaction interface of the coiled-coil

neck region of mouse Clec4f in top and

side view. (B) A helical wheel

representation of the secondary heptad

repeat reveals a glutamine stack interface

within the coiled-coil structure.

(C) Sequence alignment between the

coiled-coil of Clec4f in the neck region of

mouse, rat, pig, and chimpanzee

demonstrates a strong conservation of the

glutamine residues involved in the trimeric

interface. (D) View of other interaction

interfaces within the C terminus of Clec4f

involved in the stability and orientation of

Clec4f trimers.
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Some of these form intermolecular interactions with

the CRD of the adjacent monomer, priming and fixing

the orientations between the CRDs and the central

neck region. The coiled coil of the neck region is con-

nected to the first b-strand of the CRD by a very short

linker comprised of N415-W416. Inter-monomer

hydrogen bonds are formed between side chains of

K417 and N415 and between main chain atoms of

Y418 and A413 (Fig. 3D). The C-terminal tail from

the CRD also finds its way down to interact with the

neck region, forming multiple inter-monomer hydro-

gen bonds, including S543-Q410 and W542-N406

interactions (Fig. 3D). The orientation between the

CRD and neck region may be fixed, which would in

turn fix the distances between glycan-binding sites

within the trimer and potentially define Clec4f speci-

ficity for certain classes of glycosylated glycoproteins

(based on the spatial relationships between individual

sugars within each oligosaccharide) and recognition of

particular pathogens. On the other hand, if the CRD

is able to move relative to the neck region, this would

broaden the range of oligosaccharides that Clec4f is

able to recognize. Compared to the hydrophobic

coiled-coil structure and more abundant set of hydro-

gen bonds and hydrophobic interactions between the

CRD and neck region in the structure of trimeric Lan-

gerin [15], the interface forming the mouse Clec4f tri-

mer displays fewer and more polar interactions within

the neck region and between the neck region and

CRD, possibly resulting in more flexibility between

individual domains.

Comparison of Clec4f with other C-type lectins

The mouse Clec4f trimer structure we present here is

the first oligomeric form of a galactose binding lectin,

as far as we know. By comparison of the Clec4f CRD

with the galactose binding lectin CRD monomeric

structure of mouse SRCL [33], it can be seen that

Clec4f contains a highly conserved galactose binding

Fig. 4. Comparison of Clec4f trimer assembly to Langerin and other C-type lectin. (A) The alignment of Clec4f (green) with the galactose

binding lectin mouse SRCL (PDB: 2OX9) (cyan) in complex with galactose. The residues involved in the calcium and galactose binding has

been shown as stick and colored with O red, N blue, Ca2 + yellow. The dash line indicated the interaction between the galactose and the

residues. The W506 in Clec4f and W698 in SRCL stack against the hydrophobic face of galactose. B and C represent the trimeric assembly

of human Langerin (PDB: 3KQG) and rat MBP protein (PDB: 1BCH). Distances between the bound calcium ions within the trimer are

indicated using dotted lines. (D) Structural alignment of the Clec4f, Langerin (PDB: 3KQG) and MBP coiled-coil neck region (PDB: 1BCH)

demonstrates the distinct orientations between the CRD and the neck region. MBP has a much longer loop region between the coiled-coil

neck and the first b strand resulting in a dramatically different orientation when compared to Clec4f and Langerin.
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pocket (Fig. 4A). The residues involved in both cal-

cium and galactose binding are highly conserved, with

Q502 and N524 in Clec4f correlating with Q694 and

N718 in SRCL, which were shown to interact with the

O4 and O3 atoms in galactose, respectively (Fig. 4A).

The aromatic Clec4f W506 residue also matches in

position with W698 in SRCL, which stacks against the

hydrophobic face of galactose and is conserved in

human and mouse Gal/GalNAc binding C-type lectins

(Fig. 4A). Interestingly, the loop in which this trypto-

phan residue is located demonstrates a distinct confor-

mational flip in Clec4f when compared to SRCL

(Fig. 4A), the significance of which is unknown at this

time.

The CRDs in the Clec4f trimer structure deviate

slightly from a perfect 3-fold symmetry, with distances

between the primary glycan-binding Ca2+ being 45.1
�A, 45.3 �A, and 45.4 �A, respectively. The distance

between the calcium-coordinating carbohydrate-bind-

ing sites is unique to each lectin receptor, thought to

recognize pathogens selectively through multivalent

binding to repetitive glycan patterns on specific patho-

genic cell surfaces [34,35]. The distance between the

carbohydrate-binding sites in mouse Clec4f is distinct

from that of human Langerin (41.5 �A, Fig. 4B) and

rat mannose binding protein (MBP) (53.5 �A, Fig. 4C).

This distance can also be different in orthologs from

different species. For instance, the primary Ca2+ bind-

ing distance in MBP is 53.5 �A in rat, while it has a

shorter distance of 46.3 �A in human MBP [15,34,36].

Furthermore, a structural alignment of the coiled-coil

neck region in Clec4f with the well-characterized Lan-

gerin and MBP reveals a rotation of the CRD

(Fig. 4D). This orientation may also play a role in

classification of the C-type lectin family, since MBP

demonstrates a totally different orientation resulting

from a longer loop between the neck region and the

first b strand, while mouse Clec4f and Langerin have

more similar orientations between the CRD and neck

region (Fig. 4D).

Interestingly, although Clec4f is most related to

Langerin, it has rapidly evolved features that make its

functional properties quite different from Langerin

and in fact more similar to other C-type lectins. First

of all, its central neck region is more than 100 amino

acids longer, likely extending its reach further away

from the Kupffer cell surface or allowing it to pene-

trate deeper into the outer surface layer of target cells.

The central coil region is more hydrophilic, particu-

larly within the coiled coil core. The functional signifi-

cance of this is unknown, although it may allow for

more flexibility through transient dissociation of the

coiled coil. The interactions between the CRD and

central neck region are also different between Clec4f

and Langerin, changing the distance and geometry

between the glycan-binding sites of each monomer.

Finally, the glycan-binding sites are very different. As

previously pointed out, Clec4f has a classic QPD

sequence that binds calcium and galactose, whereas

Langerin has the classic EPN motif with different

specificity. The surface area immediately surrounding

the glycan-binding site is also very different in Clec4f.

In Clec4f, there are a number of aromatic and posi-

tively charged residues in the immediate vicinity of the

glycan-binding site: K500, W506, H508, H518, and

R520. None of these residues are present in Langerin.

Thus, the glycan-binding site in Clec4f harbors a posi-

tively charged patch with some hydrophobic character,

suggesting that it may have an affinity for anionic gly-

cans or glycolipids.

In conclusion, contrasting with a sequence compar-

ison suggesting a high level of similarity between

Clec4f and Langerin, our structural study reveals that

they are quite different in terms of trimerization inter-

face, distance between glycan-binding sites, and bind-

ing surface character. Taken together, our structural

study of Clec4f sheds light on the understanding of

evolution and diversity of type II C-type lectin recep-

tors and will pave the way for further functional inves-

tigation of Clec4f.

Accession number

The structure factors and coordinates of trimeric

mouse Clec4f have been deposited in the Protein Data

Bank under the accession code 6JJJ.
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