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Ficolins, which are comprised of a collagen-like domain and a fibrinogen-like

domain, are a kind of pattern-recognition molecule for pathogens in the innate

immunity system. To investigate the molecular mechanism of the discrimination

between self and non-self by ficolins, human M-ficolin fibrinogen-like domain

(FD1), which contains the ligand-binding site, was overexpressed in Pichia

pastoris, purified and crystallized using the vapour-diffusion method at 293 K.

The crystals belong to the monoclinic space group P21, with unit-cell parameters

a = 55.16, b = 117.45, c = 55.19 Å, � = 99.88�, and contain three molecules per

asymmetric unit. An X-ray data set was collected to 1.9 Å resolution using

synchrotron radiation at beamline BL24XU at the SPring-8 facility in Japan.

1. Introduction

Innate immunity systems are present in all multicellular organisms,

including humans, and play a crucial role in the first line of defence

against pathogens. Ficolins are one of the most important groups of

pattern-recognition molecules in the innate immunity system and

have been identified in both vertebrates and invertebrates (Fujita et

al., 2004). Ficolins are composed of a collagen-like domain at the

N-terminus and a fibrinogen-like domain, which is the sugar-binding

site, at the C-terminus (Le et al., 1998; Teh et al., 2000). Three human

ficolins, L-ficolin and H-ficolin in serum and M-ficolin in cells, have

been characterized. These ficolins are associated with the mannose-

binding lectin-associated serine proteases and the complexes activate

the lectin-complement pathway (Fujita et al., 2004; Liu et al., 2005;

Frederiksen et al., 2005). L-ficolin (synonymous with ficolin-2 or

ficolin/P35) binds to N-acetyl-d-glucosamine (GlcNAc; Matsushita et

al., 1996; Le et al., 1997) and N-acetyl-d-galactosamine (GalNAc; Le

et al., 1998). The binding ability is inhibited by acetylated compounds,

indicating that this protein specifically recognizes acetyl groups

(Krarup et al., 2004). L-ficolin activates the lectin-complement

pathway upon binding to lipoteichoic acid, a cell component found in

all Gram-positive bacteria (Lynch et al., 2004). H-ficolin (synonymous

with ficolin-3 or Hakata-antigen), the primary structure of which is

48% identical to that of L-ficolin, binds to GlcNAc, GalNAc and

d-fucose (Sugimoto et al., 1998). Unlike L-ficolin, the GlcNAc-

binding activity of H-ficolin is not inhibited by acetyl compounds

(Krarup et al., 2004). M-ficolin (synonymous with ficolin-1 or ficolin/

P35-related protein), the primary structure of which is 80 and 48%

identical to those of L-ficolin and H-ficolin, respectively (Endo et al.,

1996; Sugimoto et al., 1998), binds to GlcNAc, GalNAc and sialic acid

(Teh et al., 2000; Liu et al., 2005). This protein also recognizes acetyl

groups, like L-ficolin (Frederiksen et al., 2005). Unlike the serum

ficolins, M-ficolin has been detected on the surfaces of peripheral

blood monocytes and promonocytic U937 cells (Lu et al., 1996; Teh et

al., 2000; Frederiksen et al., 2005). An antibody against the recom-

binant M-ficolin fibrinogen-like domain inhibits the phagocytosis of

Escherichia coli by U937 cells, suggesting that M-ficolin acts as a

phagocytic receptor or adaptor on circulating monocytes for patho-

gens (Teh et al., 2000). Recently, M-ficolin has been reported to be
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located in secretory granules in the cytoplasm of neutrophils,

monocytes and type II alveolar epithelial cells in the lung (Liu et al.,

2005).

The ligand-binding site on the fibrinogen-like domain of ficolins is

not yet known. However, the crystal structures of human fibrinogen �
fragment (Pratt et al., 1997) and of the fibrinogen-like domain of

Tachypleus tridentatus tachylectin-5A (Kairies et al., 2001) have

shown that the P domain (Fig. 1) contributes to ligand binding. In

angiopoietin-2, it was found that the P domain of the fibrinogen-like

domain relates to receptor binding (Barton et al., 2005). These find-

ings suggest that the P domain of ficolins includes the sugar-binding

site. Interestingly, although the sugars recognized by ficolins exist on

the surface of the host cell, these proteins can discriminate between

pathogens and the host cell. Since the detailed mechanism of the

discrimination between self and non-self remains unclear, the crystal

structures of ficolins complexed with ligands should clarify the

molecular mechanism of the discrimination and advance drug design

for general pathogens. Here, we report the overexpression, crystal-

lization and preliminary crystallographic analysis of the M-ficolin

fibrinogen-like domain (FD1).

2. Cloning, overexpression and purification of FD1

The cDNA encoding FD1, corresponding to residues 115–326 of

M-ficolin (NCBI database accession No. O00602), was amplified

using a human cDNA library (Clontech) as a template with a forward

(50-GAATTCCCACGCAACTGCAAGGACCTGC-30) primer and a

reverse (50-TCTAGAAAGGCGGGCCGCACCTTCATC-30) primer.

The EcoRI to XbaI fragment containing the FD1 gene was cloned in

the EcoRI and XbaI sites of the pPICZ�A vector (Invitrogen). This

resulted in a vector containing in frame the Saccharomyces cerevisiae

�-factor secretion signal sequence (89 amino acids), the FD1 gene

and both a c-myc epitope and a six-histidine tag originally present in

pPICZ�A. To generate multiple copies of the FD1 expression

cassette, the EcoRV to BamHI and the BglII to EcoRV fragments

containing the FD1 gene of the plasmid were ligated, resulting in a

vector containing two FD1 expression cassettes. Finally, a plasmid

containing four FD1 expression cassettes was made in the same

manner and was electroporated into the yeast Pichia pastoris strain

X-33 (Invitrogen). The protein expressed from this construct under-

goes processing of the �-factor signal sequence, resulting in the

secretion of the mature FD1 protein [237 amino acids consisting of an

EF sequence derived from the EcoRI site at the N-terminus, residues

115–326 of M-ficolin and a FLEQKLISEEDLNSAVDHHHHHH

sequence (23 residues) including the c-myc epitope and the histidine

tag at the C-terminus]. The transformed yeast cells were initially

grown for 72 h at 298 K in 1 l BMGY medium containing 1%(w/v)

yeast extract, 2%(w/v) peptone, 0.1 M potassium phosphate buffer

pH 6.0, 1.34% yeast nitrogen base with ammonium sulfate without

amino acids, 4 � 10�5%(w/v) biotin and 1%(v/v) glycerol. For the

expression of FD1, the harvested cells were resuspended in 100 ml

BMMY medium [the same as BMGY except that the glycerol was

replaced by 0.5%(v/v) methanol] and cultured for 48–54 h with the

addition of 0.5% methanol every 24 h. The secreted FD1 was isolated

from the cell-culture supernatant. The supernatant containing FD1
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Figure 1
Alignment of fibrinogen-like domains of three human ficolins, T. tridentatus tachylectin-5A and human fibrinogen � fragment. Identical and conservatively substituted amino
acids are marked with a star and a colon, respectively. The alignment was produced using ClustalW (http://www.ebi.ac.uk/clustalw).



was adjusted to pH 7.8–8.2 and was loaded onto Ni–NTA agarose

(3–5 ml; Qiagen) previously equilibrated with a wash buffer con-

taining 50 mM Tris–HCl pH 8.0 and 300 mM NaCl. After washing,

FD1 was eluted with the wash buffer containing 300 mM imidazole.

The eluted protein was diluted threefold with 50 mM Tris–HCl pH 8.0

and was further purified by anion-exchange chromatography

(Resource-Q; Amersham Biosciences) in 50 mM Tris–HCl pH 8.0.

FD1 was eluted in a single peak using an NaCl gradient from 25 to

500 mM in the same buffer. The pooled fractions containing FD1

were concentrated and loaded onto a gel-filtration column (Superdex

200HR; Amersham Biosciences) equilibrated with 10 mM Tris–HCl

pH 8.0, 100 mM NaCl and 5 mM CaCl2. The purified protein (Fig. 2)

was concentrated to 10 mg ml�1 and was stored at 193 K. About

5–8 mg of FD1 were purified from 1 l of culture by this method. The

purified FD1 shows GlcNAc-binding activity (data not shown),

indicating that the recombinant protein is correctly folded.

3. Crystallization

To form the ligand–protein complex, a protein solution containing

8 mg ml�1 FD1, 8 mM Tris–HCl pH 8.0, 80 mM NaCl, 4 mM CaCl2
and 20 mM GlcNAc was prepared by addition of GlcNAc to the

purified protein solution. Screening for crystallization conditions was

performed using the sitting-drop vapour-diffusion method in 96-well

plates of CrystalClear strips (Hampton Research) at 278 and 293 K

by mixing 0.5 ml protein solution and 0.5 ml reservoir solution and

equilibrating against 50 ml reservoir solution. Initial screens included

Crystal Screens I and II (Hampton Research), Wizard Screens I and

II (Emerald Biostructures) and Cryo Screens I and II (Emerald

Biostructures). Crystallization conditions were further optimized in a

96-well plate that was turned upside down to form the conditions for

the hanging-drop method. Diffraction-quality FD1 crystals were

obtained within a week at 293 K as clustered quadratic prisms (Fig. 3)

using a reservoir solution containing 100 mM MES pH 5.6, 320 mM

Li2SO4 and 17%(w/v) PEG 4000.

4. X-ray data collection

A single quadratic prismatic crystal (approximately 0.1 � 0.1 �

0.15 mm) was separated from the cluster, soaked in the reservoir

solution with 15%(v/v) glycerol as a cryoprotectant for a few seconds

and then flash-frozen in a nitrogen stream. X-ray diffraction images

were collected from the crystal at 100 K under a nitrogen stream

using a Rigaku R-AXIS V image plate with 0.82656 Å synchrotron

radiation at SPring-8 beamline BL24XU at Hyogo, Japan. The

distance between the crystal and the detector was 350 mm. 1� oscil-

lation images were recorded with an exposure times of 48 s. The

diffraction data were processed and scaled with the HKL program

package (Otwinowski & Minor, 1997). The diffraction data were

collected to 1.9 Å resolution with an Rsym of 0.062 and a completeness

of 98.8% (Table 1). The crystals contain three molecules per asym-

metric unit. Molecular replacement with EPMR (Kissinger et al.,

1999) using the crystal structure of tachylectin-5A (PDB code 1jc9;

Kairies et al., 2001), which shows 49% identity with FD1, was

successful (PDB code 2d39; Tanio et al., 2006). However, no obvious

density for GlcNAc, which was added to the protein solution for

crystallization, was observed in the current model. Model fitting and
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Figure 3
Crystal of FD1. The size of the single quadratic prismatic crystal is approximately
0.1 � 0.1 � 0.15 mm.

Table 1
Data-collection statistics for FD1.

Values in parentheses are for the highest resolution shell.

X-ray source SPring-8, BL24XU
Detector Rigaku R-AXIS V IP
Wavelength (Å) 0.82656
Space group P21

Unit-cell parameters (Å, �) a = 55.16, b = 117.45,
c = 55.19, � = 99.88

Resolution range (Å) 30–1.9 (1.97–1.9)
Measured reflections 197686
Unique reflections 53715
Redundancy 3.7 (3.7)
Completeness (%) 98.8 (98.3)
Rsym† (%) 6.2 (25.6)
hI/�(I)i 34.8 (6.8)

† Rsym =
P

h

P
i jIðhÞi � hIij=

P
h

P
i IðhÞi where I(h) is the intensity of reflection h,

P
h

is the sum over all reflections and
P

i is the sum over i measurements of reflection h.

Figure 2
SDS–PAGE of purified FD1 on a 10–20% gradient gel. Lanes 1 and 2 contain
molecular-weight markers (labelled in kDa) and FD1 (26.8 kDa), respectively.
Proteins were stained with Coomassie blue.



further refinement, as well as a search for other crystallization

conditions for the GlcNAc-binding form, are in progress.

This work was supported in part by a grant from the National
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