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Identification of a Functionally Relevant Signal Peptide of Mouse Ficolin A
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Mouse ficolin A is a plasma protein with lectin activity, and

plays a role in host defense by binding carbohydrates,

especially GlcNAc, on microorganisms. The ficolin A

subunit consists of an N-terminal signal peptide, a

collagen-like domain, and a C-terminal fibrinogen-like

domain. In this study, we show that ficolin A can be

synthesized and oligomerized in a cell and secreted into

culture medium. We also identify a functionally relevant

signal peptide of ficolin A by using MS/MS analysis to

determine the N-terminal sequence of secreted ficolin A.

When the signal peptide of mouse ficolin A was fused with

enhanced green fluorescent protein (EGFP), EGFP was

released into HEK 293 cell medium, suggesting that the

signal peptide can efficiently direct ficolin A secretion.

Moreover, our results suggest that the signal peptide of

ficolin A has potential application for the production of

useful secretory proteins.
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Introduction

The immediate recognition of bacteria and of their products

by the first line of host defense is mediated by an ancient

innate immune response. The innate immune system uses

conserved pattern recognition receptors to discriminate

between itself and the pathogen-associated molecular pattern

signatures of bacterial components (Janeway and Medzhitov,

1998; Aderem and Ulevitch, 2000). In order to elicit an

immune response, the mammalian immune system must be

able to recognize a wide variety of bacterial components,

including lipopolysaccharide, bacterial DNA, peptidoglycan,

lipoteichoic acid, and mannan as representative of an

infectious nonself (Aderem and Ulevitch, 2000). The lectin

pathway of complement activation is an important component

of the innate immune system. The recognition of pathogen-

associated molecular patterns in the lectin pathway is

mediated by secreted pattern-recognition proteins, such as,

mannose-binding lectin (MBL) and ficolins (Matsushita and

Fujita, 2001; Holmskov et al., 2003; Roos et al., 2003). These

proteins, which have several oligomeric forms, have a

carbohydrate-recognition and a collagen-like subunit domain,

and are associated through their collagen-like domain with

three types of serine proteases termed MBL-associated serine

proteases (MASPs), i.e., MASP-1, MASP-2, and MASP-3,

which are also complexed by a small MBL-associated protein

(Matsushita and Fujita, 1992; Thiel et al., 1997; Dahl et al.,

2001). The MBL/ficolins-MASP complexes can recognize

pathogens and activate late components of complements, C5-

C9, which leads to the formation of a cytolytic complex

(membrane attack complex) (Thiel et al., 1997; Vorup-Jensen

et al., 2000; Rossi et al., 2002; Schwaeble et al., 2002).

Three members of the human ficolin family have been

characterized, i.e., L-ficolin (Matsushita et al., 1996) and H-

ficolin (Sugimoto et al., 1998) - both serum ficolins, and one

membrane-associated ficolin expressed in lung and blood

cells (Endo et al., 1996). The ficolins (Fujita et al., 2004;

Matsushita and Fujita, 2001), which are characterized by the

presence of collagen-like domains and fibrinogen-like domains,

were primarily identified as transforming growth factor β1-

binding proteins on porcine uterus membranes (Ichijo et al.,

1993) and have lectin activity for N-acetylglucosamine

(GlcNAc) residues in oligosaccharides (Fujimori et al., 1998;

Ohashi and Erickson, 1998; Liu et al., 2005). Researchers

have also identified two types of mouse ficolins, ficolin A and
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ficolin B. Ficolin A is mainly expressed in the liver and spleen

and is present in serum, whereas ficolin B is expressed in

bone marrow and spleen and has not been detected yet in

serum. Endo et al. demonstrated that ficolin A and B share

lectin activities for GlcNAc and N-acetylgalactosamine, and

that ficolin B uniquely recognizes sialic acid residues.

Moreover, ficolin A, but not ficolin B, binds MASP-2 and

small MBL-associated protein, and the resulting complexes

show potent complement-activating capacity (Endo et al.,

2005).

In this study, we evaluated HEK 293 cells transfected with an

expression vector containing ficolin A cDNA and functionally

characterized signal peptide of ficolin A to demonstrate its

potential applications for the production of useful secreted

proteins.

Materials and Methods

Plasmid construction. The mouse ficolin A cDNA (1005 bp) was

amplified by polymerase chain reaction (PCR) using the mouse

macrophage cell line RAW 264.7 cDNA as a template using the

following primer sets: 5' primer, 5'-CTCGAGATGCAGTGGCCTA

CGCTG-3', and 3' primer, 5'-AAGCTTGATGCTCGGATTTTCAT

CTC-3'. The amplified PCR product was ligated into XhoI and

HindIII sites of the mammalian expression system vector pcDNA-

3.1/myc-His(-)B (Invitrogen) to yield the ficolin A expression

construct pcDNA3.1-Ficolin A-Myc-His. DNA sequencing was

used to verify the nucleotide sequences of the construct.

The signal peptide of ficolin A (+1 to +60) was amplified by

PCR in which ficolin A cDNA was used as a template, using the

following primer sets: 5' primer, 5'-GCTAGCATGCAGTGGCCTA

CGCTGTG-3', and 3' primer, 5'-GAATTCCCAGGGCCTGGGAG

GGACA-3'. This fragment, which was ligated into NheI and EcoRI

sites of pcDNA-3.1-EGFP-myc-His vector, yielded the ficolin A SP

(FcnaSP)- EGFP expression vector pcDNA-3.1-FcnaSP-EGFP-

myc-His. The sequences of the PCR product and of the in-frame

fusion of the signal peptide with the EGFP gene were confirmed by

DNA sequencing.

Cell culture and construction of a stable cell line. The human

embryonic kidney cell line HEK293 was obtained from the

American Type Culture Collection. HEK293 was maintained in

Dulbecco’s modified Eagle’s medium containing 10% fetal bovine

serum, 25 mM HEPES, 100 U/ml penicillin and 100 µg/ml

streptomycin. Cells were cultured at 37oC in a 95% air and 5% CO2

atmosphere.

To generate a stable cell line, we transfected 5 µg of pcDNA-

3.1-FcnaSP-EGFP-myc-His plasmid, which confers neomycin

resistance, into HEK 293 cells using FuGene 6 Transfection

Reagent (Roche), according to the manufacturer’s instructions. Two

days after transfection, cells were selected in 500 µg/ml G418

(Duchefa Biochemie) for 2 weeks. Next, G418-resistant clones

were selected and assayed for SP-fused EGFP expression and

EGFP secretion by Western blotting and confocal microscopy using

a monoclonal antibody against the Myc epitope (Roche). Several

positive clones were expanded and analyzed in this study.

Confocal microscopy. FcnaSP-fused EGFP expression was

detected by confocal microscopy, as previously described (Kwon et

al., 2003). Next, HEK 293 cells (5 × 104) transfected with an

FcnsSP-fused EGFP expression vector were cultured directly on

glass coverslips in 24-well plates. After 24 h, the cells were fixed

with 4% paraformaldehyde in PBS for 10 min at room temperature.

DNA staining was used to identify cell nuclei (0.5 µg/ml of Hoechst

No. 33258; Sigma). Coverslips were mounted in Fluoromount-G

(Southern Biotechnology Associates, Inc.,). The samples were then

scanned with a Zeiss LSM 510 laser scanning confocal device

attached to an Axiovert 100 microscope with a Plan-Apochromat

100X/Oil DIC objective (Carl Zeiss).

Western blotting. Equal amounts of protein were resolved by 12.5%

SDS-polyacrylamide gel electrophoresis, and electrotransferred to

polyvinylidene fluoride membranes (Millipore). The membranes

were blocked in Tris-buffered saline containing 0.05% Tween 20

and 2% bovine serum albumin for 1h at room temperature, and

incubated with an anti-Myc antibody for 2 h. Immunoreactive

proteins were detected using a horseradish peroxidase-conjugated

secondary antibody (Jackson ImmunoResearch Laboratories, Inc.,)

and an enhanced chemiluminescence reagent (Amersham Pharmacia

Biotech).

Purification of recombinant protein. Recombinant ficolin A was

purified from culture supernatant by GlcNAc-agarose (Sigma)

affinity chromatography. The culture medium was centrifuged for

20 min at 15,000 rpm to remove cells and cell debris. All of the

following procedures in this experiment were carried out at 4oC.

Samples were loaded onto a GlcNAc-agarose column equilibrated

with PBS. The column was washed with PBS until the absorbance

at 280 nm was zero, and recombinant ficolin A was eluted with

0.5M GlcNAc. To identify the carbohydrate-binding specificities of

the ficolin A, we eluted the bound proteins with PBS containing

either 0.5 M glucose, 0.5 M galactose, 0.5 M mannose, or 0.5 M

GlcNAc. Eluted proteins were resolved by 12.5% SDS-PAGE

under reducing conditions, and analyzed by Western blotting and

staining with Coomassie brilliant blue G.

To purify Myc-His-tagged protein, culture medium was concentrated

with a Centricon YM-50 (Millipore), and the medium removed was

replaced with wash buffer (50 mM NaH2PO4, 300 mM NaCl, 20

mM imidazole, and pH 8.0). After centrifugation at 15,000 rpm for

20 min to remove cells and cellular debris, the supernatant was

applied to a Ni-NTA-agarose (Qiagen) column pre-equilibrated

with wash buffer. After washing the column, the recombinant

protein was eluted with elution buffer (50 mM NaH2PO4, 300 mM

NaCl, and 250 mM imidazole). Eluted proteins were resolved by

12.5% SDS-PAGE under reducing conditions and analyzed by

Western blotting using anti-Myc antibody.

N-terminal amino acid sequence analysis. The ficolin A band

derived from culture medium was resolved by 12.5% SDS-

polyacrylamide gel electrophoresis and stained with Coomassie

brilliant blue G (Sigma). To determine the N-terminal amino acid

sequence of the secreted ficolin A, we ensured the protein band was

digested in gel with trypsin and then purified the resulting peptides

using a POROS R2 column (Applied Biosystem) to concentrate

and desalt the sample. We then analyzed the samples by ESI-TOF
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MS/MS using a Micromass Q-TOF MA equipped with a nanospray

source (Waters, Milford) in an In2gen facility. The resulting amino

acid sequences were analyzed using the database managed by the

National Center for Biotechnology Information (http://www.ncbi.

nlm.nih.gov).

Results and Discussion

Oligomerization and secretion of recombinant ficolin A.

To determine whether mouse ficolin A could be oligomerized

and secreted by mammalian cells, we cloned full-length

mouse ficolin A cDNA into a pcDNA-3.1/myc-His(-)B vector

to produce a construct containing an expression cassette for

ficolin A and a neomycin-resistance cassette for G418

selection. The expression plasmid was introduced into HEK

293 cells using FuGene 6 transfection reagent, and transfected

cells were selected using G418. Western blotting was then

used to analyze the oligomeric composition of ficolin A.

Using SDS-PAGE analysis under non-reducing conditions,

we found that ficolin A was a mixture of monomers and

oligomers and that the mixture migrated as multiple discrete

bands in conditioned medium and in cell lysates (Fig. 1).

Figure 1 also suggests that the ficolin A is synthesized and

oligomerized in cells and secreted into culture medium. As

expected, ficolin A was identified as a single band when the

protein was analyzed under reducing conditions.

Purification and carbohydrate-binding specificities of

recombinant ficolin A protein. Because ficolins bind

GlcNAc (Endo et al., 2005), we purified the recombinant

ficolin A using affinity chromatography using a GlcNAc-

agarose column from the culture medium of HEK 293 cells

expressing Myc-His-tagged ficolin A. The secreted ficolin A

bound to the GlcNAc column and was eluted by 0.5 M

GlcNAc (Fig. 2). As shown in Fig. 2A, the eluted ficolin A

was identified as a single band of 39 kDa when subjected to

SDS-PAGE under reducing conditions and was stained by

Coomassie brilliant blue G. The secreted ficolin A band was

also detected using an anti-Myc antibody (Fig. 2B).

To identify the carbohydrate-binding specificities of the

secreted ficolin A, we treated the protein bound to the GlcAc-

agarose column with PBS containing either 0.5 M glucose,

Fig. 1. Oligomerization and secretion of recombinant ficolin A.

HEK 293 cells were transfected with ficolin A expression vector

and stable cell lines were selected with G418. Protein samples of

stable cell lysates and culture medium were electrophoresed (8%

SDS-PAGE) under non-reducing or reducing conditions. The

expression and secretion of ficolin A were analyzed by Western

blotting using antibody against Myc. The positions of monomeric

and oligomeric ficolin A are indicated by arrowheads.

Fig. 2. Purification of recombinant ficolin A by GlcNAc affinity

chromatography. Culture medium of the ficolin A transfected

stable cell line was loaded onto a GlcNAc-agarose column and

eluted with 0.5 M GlcNAc. Samples from each eluted fraction

were analyzed by SDS-PAGE (12.5%) under reducing

conditions. Gels were stained with Coomassie blue G (A).

Ficolin A in each eluted fraction was analyzed by Western

blotting using antibody against Myc (B). The positions of

secreted ficolin A are indicated by arrowheads.
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0.5 M galactose, 0.5 M mannose, or 0.5 M GlcNAc. As shown

in Fig. 3, the secreted ficolin A was fully eluted by GlcNAc.

However, ficolin A was only partially eluted by mannose,

suggesting its weaker binding to mannose. These specificities

are similar to those of the previously identified ficolin A

expressed by Drosophila S2 cells (Endo et al., 2005).

N-terminal amino acid sequence analysis of secreted

ficolin A. To determine the N-terminal amino acid sequence

of the secreted ficolin A, we ensured that the protein band was

digested in gel by trypsin and then analyzed the peptides

produced by MS/MS Q-TOF. The resulting fragments of each

peak were consistent with the amino acid sequence of ficolin

A in the NCBI database of MALDI-TOF fingerprints. The

MS/MS Q-TOF 779.9078 peak was identified as a SQAL

GQERGACPDVK, corresponding to residues 18-32 of full-

length ficolin A. Ficolin A fragments containing further upper

amino acid residues could not be detected by MS/MS (Fig.

4A). The above results indicate that mouse ficolin A contains

Fig. 3. Carbohydrate-binding specificities of recombinant ficolin

A. Culture medium of the ficolin A transfected stable cell line

was loaded onto a GlcNAc-agarose column and eluted with

either 0.5 M glucose, 0.5 M galactose, 0.5 M mannose, or 0.5 M

GlcNAc. Eluted ficolin A was analyzed by Western blotting

using antibody against Myc.

Fig. 4. MS/MS spectra and the determination of the sequence of ficolin A signal peptide. (A) A secreted ficolin A band was digested

in gel with trypsin, and the sample obtained was analyzed by ESI-TOF MS/MS. MS/MS analysis of the 779.9078 mass peak (arrow)

revealed the N-terminal sequence of the secreted ficolin A. (B) The amino acid sequence of mouse ficolin. The signal peptide is thickly

underlined.
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a short N-terminal signal peptide sequence comprised of

seventeen amino acids, MQWPTLWAFSGLLCLCP (Fig. 4B).

Use of the signal peptide of ficolin A to secrete EGFP. To

verify the function of the signal peptide of mouse ficolin A in

terms of protein secretion by mammalian cells, we used PCR

to isolate the DNA sequence encoding the first 17 amino acid

residues from ficolin A (FcnaSP) identified in this study, and

then fused this DNA sequence to full-length EGFP protein

(Fig. 5A). The FcnaSP-EGFP gene was cloned into a pcDNA

3.1-Myc-His vector under the transcriptional control of CMV

promoter used for mammalian cell expression studies (Lee et

al., 2004).

Next, HEK 293 cells were transfected with pcDNA-3.1-

FcnaSP-EGFP-myc-His vector, and stable cell lines were

isolated by selecting G418-resistant clones. As shown in Fig.

5B, FcnaSP-EGFP fusion protein was detected in stable cell

lines by confocal microscopy. In contrast, EGFP protein

expression in control cells transfected with empty vector was

not detected.

To purify the secreted FcnaSP-EGFP fusion protein, we

harvested culture medium. Culture medium was concentrated

with Centricon YM-50 and applied to a Ni-NTA-agarose

column, and the recombinant protein was eluted. Eluted

proteins were analyzed by Western blotting using anti-Myc

antibody and EGFP was detected (Fig. 5C). Our results

indicated that EGFP was secreted into HEK 293 cell medium

under the control of the signal peptide of ficolin A.

Extracellular proteins are constitutively or inducibly secreted

by cells. Protein secretion mediated by a co-translational

transport system generally involves N-terminal signal peptides.

After being translated on rough endoplasmic reticulum (ER),

proteins are secreted via a process known as the ER/Golgi-

dependent secretory pathway. Nascent proteins scheduled for

Fig. 5. Expression and secretion of an FcnaSP-EGFP fusion protein from HEK 293 cells. (A) Construction of FcnaSP-EGFP fusion

protein expression vector. FcnaSP-EGFP gene fusion encoded a 17-aa FcnaSP signal sequence fused to full-length EGFP protein. (B)

Expression of the FcnaSP-EGFP fusion protein. Expression of the FcnaSP-EGFP fusion protein was detected in the stable cell line by

confocal microscopy. (C) Secretion of FcnaSP-EGFP fusion protein. Culture medium of the stable cell line transfected with FcnaSP-

EGFP fusion gene was loaded onto an Ni-NTA-agarose column. EGFP protein in eluted fractions was analyzed by Western blotting

using antibody against Myc.



Signal Peptide of Ficolin A 537

secretion are targeted at translocation channels in the ER

membrane, processed for vesicular transport in the Golgi

apparatus, and then transported to the plasma membrane;

signal sequences are then cleaved by signal peptidases (Gierash,

1989; Rothman and Wieland, 1996). Chimeric genes coding

for signal peptides and useful proteins have been expressed in

the mammalian and insect system to produce functional

proteins. The main advantage of using a secreted protein

system, in contrast with intracellular proteins, is that they

produce post-translationally modified proteins.

Ficolin A is a plasma protein with lectin activity, and plays

a role in host defense by binding carbohydrates, especially

GlcNAc, on microorganisms. The ficolin A subunit consists

of an N-terminal signal peptide, a collagen-like domain, and a

C-terminal fibrinogen-like domain. A putative ficolin A signal

peptide (MQWPTLWAFSGLLCLCPSQA) was predicted in a

previous report (Fujimori et al., 1998). In the present study,

we identified a functionally relevant signal peptide

(MQWPTLWAFSGLLCLCP), and found in stable cell lines

transfected with an expression vector encoding full length

ficolin A that recombinant ficolin A is constitutively

expressed and secreted into culture medium. The secreted

protein was found to have an N-terminal sequence, which

suggested that a seventeen amino acid sequence

(MQWPTLWAFSGLLCLCP) rather than a twenty amino

acid sequence (MQWPTLWAFSGLLCLCPSQA) functions

as a signal peptide. When mouse ficolin A signal peptide was

fused with EGFP, EGFP was released into medium by HEK

293 cells. Therefore, we conclude that the new signal peptide

sequence can drive protein secretion. Our results also suggest

that the signal peptide of ficolin A has potential for producing

useful secreted proteins.
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