Chapter 3


3.1 Introduction
In 1995 L-ficolin was reported for the first time by two independent studies as an elastin-binding protein (EPB-37) and as a corticosteroid-binding protein (huculin) (Edgar, 1995; Harumiya et al., 1995). It was not until later that these were found to be one and the same, and subsequently renamed as p35 and later again as L-ficolin. 
The L-ficolin polypeptide chain has an approximate size of 35 kDa and has four functional domains, an N-terminal cysteine-rich domain, a collagen-like domain, a neck region and the fbg domain. The major role of the collagen-like domain is forming the trimeric subunit through the formation of a collagen-like triple helix. The N-terminal cysteine-rich domain is mainly involved in the stabilization of the trimeric subunit through formation of disulphide bonds, but since these subunits also form oligomeric complexes, disulphide bridges are also formed between the respective subunits (Matsushita and Fujita, 2001). The last domain is the fbg which has been named due to structural similarities to the fibrinogen β- and γ-chains (Doolittle, 1984; Matsushita and Fujita, 2001). In plasma L-ficolin, like MBL and H-ficolin, is found in complex with the MASP proteases as well as with MAp19, thus L-ficolin can trigger the activation of the complement system upon binding (Matsushita et al., 2000; Matsushita et al., 2002). The target surfaces vary from microbial constituents like lipoteichoic acids to dying host cells (Aoyagi et al., 2005; Jensen et al., 2007; Krarup et al., 2005; Kuraya et al., 2005; Lu and Le, 1998; Lynch et al., 2004). 
The binding specificity of L-ficolin has been difficult to elucidate since it appeared to be capable of recognizing structurally and functionally unrelated proteins (Edgar, 1995; Harumiya et al., 1995). The reason for the confusion was later discovered to be due to the ability of L-ficolin to bind to CNBr-activated agarose affinity resins instead of the ligands immobilized on such resins (Le et al., 1998). Through various studies, L-ficolin binding was shown to be dependent on the presence of acetylations and acetylated compounds like GlcNAc and CysNAc were found to be good ligands for  L-ficolin (Krarup et al., 2004; Matsushita et al., 1996). When the crystal structure of the L-ficolin fbg domain was solved, four ligand binding sites were described, and   L-ficolin was shown to be capable of recognizing a wide range of compounds (Garlatti et al., 2007). 
Despite these advances there are still many unanswered questions regarding the recognition and discrimination of “self” from “non-self” by L-ficolin. If L-ficolin is capable of binding to N-acetylated constituents in oligosaccharides, all glycosylated host proteins would serve as a target for L-ficolin, since fully processed mammalian   N-linked glycans contain GlcNAc residues and terminate in sialic acids, which are mostly N-acetylated. This would result in L-ficolin being capable of binding to and activating complement on host cell surfaces, which in the body would not be allowed to occur. Therefore one of the aims of this project was to further characterize L-ficolin in terms of ligand specificity using glycan array technology and purified L-ficolin. This would allow screening of several related carbohydrate structures, which hopefully would yield information about the importance of different structural motifs with regard to L-ficolin recognition. 
Another aspect that has not been widely investigated is the size of the L-ficolin complexes. Most of what is known for L-ficolin is derived from work with purified material, in which L-ficolin appears to be found as tetrameric protein complexes (Ohashi and Erickson, 1998). In humans L-ficolin in serum has been estimated to have an approximate molecular mass of 650 kDa using gel filtration chromatography (Krarup et al., 2004). Recombinant L-ficolin was found using sucrose density gradient ultracentrifugation to contain complexes composed of eight or four trimers (Hummelshoj et al., 2007). I wanted to investigate the L-ficolin complex in serum both in regards to the size of the oligomeric complex i.e. the average number of trimeric subunits that make up an L-ficolin oligomer. Additionally I also wanted to investigate the effect the association of MASPs have on the molecular masses of      L-ficolin complexes.
3.2 Materials and Methods

3.2.1 Purification of L-ficolin from Plasma

3.2.1.1 Polyethylene glycol fractionation of serum

L-ficolin was purified from human re-calcified plasma by a procedure slightly modified from that described by Krarup et al. (2004). Normal pooled human citrated plasma (1 L) (HD Supplies, Aylesbury, UK) was re-calcified to 20 mM CaCl2 and left at room temperature until fully clotted. The clot was filtered through muslin and the serum was collected. A 24% (w/v) solution of polyethylene glycol (PEG) 6000          (Sigma-Aldrich) in 20 mM HEPES, 140 mM NaCl, 0.5 mM EDTA (PEG stock) was added gradually to a final concentration of 4% (w/v) PEG while stirring and left for 5 minutes at 4(C. The solution was centrifuged at 5000g for 25 minutes at 4(C and the supernatant was collected while the pellet was discarded. PEG stock was added to a total of 8% (w/v) PEG and incubated and centrifuged as before. The supernatant was discarded and the pellet was resuspended in 20 mM HEPES, 500 mM NaCl,                2 mM EDTA, 0.01% (v/v) emulphogene, pH 7.4 (high salt buffer) and stored at 4(C until use. The resolubilized protein solution will from now on be referred to as the    4-8% PEG cut.
3.2.1.2 N-acetyl cysteine derivatization of Sepharose CL-4B 

Sepharose CL-4B beads (Amersham Biosciences) were washed with 0.5 M Na2CO3, pH 11 and incubated with 10% (v/v) Divinylsulphone (Fluka) in 0.5 M Na2CO3,      pH 11 for 1.5 hours at room temperature on a rotary stirrer. The beads were washed with 30 column volumes of 0.25 M Na2CO3, pH 11 and incubated in 5 column volumes of 10% (w/v) N-acetyl-L-cysteine (Sigma-Aldrich) in 0.25 M Na2CO3, pH 11 overnight at room temperature. The beads were washed with water and residual active groups were blocked by 1 hour incubation with 0.1 M ethanolamine, pH 9.0. The derivatized beads were washed with 30 column volumes of 20 mM HEPES,            140 mM NaCl, 0.5 mM EDTA, pH 7.4 and stored at 4(C until use.

3.2.1.3 Chromatography of L-ficolin

The CysNAc derivatized beads (10 ml) were washed with high salt buffer in a scintered glass funnel, added directly to the redissolved 4-8% (w/v) PEG cut and incubated at 4oC for 4 hours. The beads were packed into a column and washed with high salt buffer until AB280 of the eluate was <0.05. Bound protein was eluted by passing 20 mM HEPES, 20 mM NaCl, 2 mM EDTA, 0.01% (v/v) emulphogene,     pH 7.4 (low salt buffer) over the column and the eluate was collected in 1 ml fractions. Initially all protein-containing fractions were pooled, but after the L-ficolin sandwich ELISA (see section 3.2.4) was developed, it was used to select the fractions containing the most L-ficolin. For ion-exchange chromatography a global (5/5) MonoQ column (GE Healthcare) ion exchange column  equilibrated in low salt buffer was used. The pooled fractions from above were diluted 1:1 in low salt buffer before being passed over the column. Bound proteins were eluted by a 20 ml linear gradient from 20 to 500 mM NaCl in 20 mM HEPES, 2 mM EDTA, 0.01% (v/v) emulphogene, pH 7.4 in 1 ml fractions. The L-ficolin-containing fractions were identified using reducing SDS-PAGE.
3.2.2 Preparation of anti-L-ficolin antibodies
Purified L-ficolin was prepared as described in section 3.2.1 and used for immunization of a rabbit to raise an anti-L-ficolin antiserum as described in section 2.6. IgG antibodies were purified from the antiserum as described in section 2.7, and referred to as the anti-L-ficolin antibodies. The anti-L-ficolin antibodies were biotinylated as described in section 2.8.  

3.2.3 Cross-reactivity of anti-L-ficolin antibodies on H-ficolin
A 4-fold dilution series of His-tagged rH-ficolin (section 4.2.12) and purified L-ficolin (section 3.2.1) starting at 1 μg/ml in 100 μl of 0.1 M NaHCO3, pH 9.6 was incubated for 1 hour at room temperature in wells of a Maxisorp microtitre plate. The wells were emptied and blocked with 200 μl of 1 mg/ml BSA in 1.5 mM KH2PO4, 8.1 mM Na2HPO4, 140 mM NaCl, 2.7 mM KCl, pH 7.4 (PBS) and incubated for 1 hour at room temperature. The wells were washed three times with 200 μl of 20 mM HEPES, 140 mM NaCl, 5 mM CaCl2, 0.05% (v/v) Tween20, pH 7.4 (activation buffer). Biotinylated anti-L-ficolin antibodies (1 μg/ml in 100 μl activation buffer) were added to each well and incubated at room temperature for 4 hours. Wells were washed three times as above, and then the amount of bound antibody was quantified as described in section 2.9. 

3.2.4 Development of L-ficolin sandwich assay
Maxisorp microtitre plates were used for all the L-ficolin assays and unless otherwise stated the volume added to each well was 100 μl. The wells were coated with 0, 1, 2.5, 5 and 10 μg/ml anti-L-ficolin antibodies or 10 μg/ml non-immune rabbit IgG in PBS and incubated overnight at 4oC. Wells were then emptied and remaining active sites were blocked with 200 μl 1 mg/ml BSA in PBS and incubated for 1 hour at room temperature. Subsequently the wells were washed three times with 200 μl activation buffer. Serum was prepared in a six-step 3-fold dilution series in activation buffer with a starting concentration of 1/10 (v/v) and these dilutions were added to the wells and incubated overnight at 4oC. After washing as above, 10 μg/ml biotinylated      anti-L-ficolin antibodies (from section 3.2.2) were added and incubated 4 hours at room temperature. The amount of bound antibody was quantified as described in section 2.9. 

To determine the optimum concentration of the developing antibodies, microtitre plate wells were coated with 1 μg/ml anti-L-ficolin antibodies and incubated with human serum as above until the development step. After the incubation with the dilution series of serum, the wells were washed and incubated with 1, 2 or 3 μg/ml biotinylated anti-L-ficolin antibodies in activation buffer. The wells were then developed as described in section 2.9. Based on these two experiments the amount of anti-L-ficolin antibodies to be used for coating was chosen as 1 μg/ml and the amount of biotinylated anti-L-ficolin antibodies for detection as 1 μg/ml. 

3.2.5 Acetylation of BSA

A 10% (w/v) solution of BSA in water (500 μl) was diluted 1:1 (v/v) with a saturated sodium acetate solution (0.74 g/ml) and incubated for 1 hour in an ice bath. During incubation acetic anhydride was added every 12 minutes such that the total volume (μl) added equaled the amount of BSA (mg). After incubation the samples were desalted on a PD-10 column using PBS as running buffer and AB280 to detect the protein containing-fractions. 
3.2.6 N-Acetyl BSA based L-ficolin assay 
Two different assays using N-acetyl BSA as the coating ligand were used for L-ficolin assays. In the first, the acetylation was performed on BSA already coated on the well is described in section 2.9. In the second acetylated BSA (from section 3.2.5) was diluted in 0.1 M NaHCO3, pH 9.6 and 100 μl of a 10 μg/ml acetylated BSA was added to each well and incubated overnight at 4oC. The wells were emptied, and blocked with 200 μl 1 mg/ml BSA in PBS for 1 hour at room temperature. From here onwards the assays are identical and described in section 2.9. To distinguish the two assays from each other the one where the acetylation takes place in the well is named the    N-acetyl BSA (A) assay, while the one in which the wells are coated with        already-acetylated BSA is called the N-acetyl BSA (B) assay. 
3.2.7 L-ficolin quantification

The L-ficolin concentration in 78 serum samples from healthy volunteers was quantified using the N-acetyl BSA (B) assay described in section 3.2.6. The serum samples were kindly supplied by Professor Peter Garred (Rigshospitalet, Department of Clinical Immunology, Copenhagen University Hospital, Copenhagen, DK). All the samples were diluted 1/75 (v/v) with activation buffer before being added to the plate. On every plate a six-step 3-fold dilution series with a standard serum with known     L-ficolin concentration (5 μg/ml) was included to enable quantification of L-ficolin in the serum samples. The standard serum was kindly supplied by Professor Jens C. Jensenius (Department of Medical Microbiology and Immunology, University of Aarhus, DK). Included on each plate also were two internal controls of known          L-ficolin concentration and these were used as quality controls for the whole plate. 
3.2.8 Analytical ultracentrifugation of L-ficolin
The analytical ultracentrifugation was carried out as described in Wallis and Drickamer, (1997) with minor modifications and performed with the assistance of Dr. Russell Wallis (Department of Infection, Immunity and Inflammation, University of Leicester, Leicester, UK). The experiment was carried out in a Beckman Optima   XL-A analytical ultracentrifuge (Beckman Coulter Ltd, High Wycombe, UK) equipped with absorbance optics using an An60Ti rotor (Beckman Coulter Ltd).       L-ficolin (62 (g) prepared as described in section 3.2.1 was dialyzed overnight at 4(C against 10 mM HEPES, 140 mM NaCl, and 2 mM EDTA. Three samples were prepared containing 27.5, 13.8 and 6.9 (g L-ficolin in 110 (l each and loaded into the sample cells of an Epon charcoal-filled six-channel centerpiece. The reference cells were loaded with 125 (l dialysate. The experiment was carried out at 20(C at 4000 or 5000 rpm. Equilibrium data was collected at 280 nm in step mode scan using a separation of 0.001 cm. Five readings were taken for each scan and a baseline scan was taken at 360 nm to correct for optical imperfections. Readings were taken every  4 hours until no difference between scans could be observed. The equilibrium distributions from three dilutions of L-ficolin and two different rotor speeds were analyzed simultaneously using the Nolin curve fit software (Beckman Coulter Ltd).

3.2.9 Sucrose density gradient ultracentrifugation of serum
To estimate the sedimentation coefficient of L-ficolin in serum, alone and in complex with the MASPs, sucrose gradient centrifugation was used. The gradients ranged from 0 to 40% (w/v) sucrose in 20 mM HEPES, 140 mM NaCl, 5 mM CaCl2, pH 7.4 or   20 mM HEPES, 1 M NaCl, 10 mM EDTA, pH 7.4. The gradients (12 ml total volume) were cast in Ultra-Clear centrifuge 9/16 x 31/2 in. tubes (Beckman Coulter Ltd). using the method presented in Luthe, (1983), which is briefly described here. To form the gradients, buffer with 10%, 20% 30% and 40% (w/v) sucrose was prepared, and 3 ml of 40% (w/v) was added to each tube. After the addition of the first layer, the gradients were frozen at -80oC for 30 minutes and subsequently 3 ml of the 30% (w/v) sucrose solution was added and the gradients were frozen as before. This was repeated with each of the remaining layers. When the gradients were cast they were stored at    -20oC, and thawed at 4oC for a minimum of 12 hours before use to allow for the formation of a linear gradient through the sucrose layers. As protein standard 2 mg thyroglobulin (19.2 S) (Sigma-Aldrich), 4 mg bovine liver catalase (11.3 S)      (Sigma-Aldrich) and 2 mg BSA (4.4 S) were used and solubilized in a total volume of 300 μl of either 20 mM HEPES, 140 mM NaCl, 5 mM CaCl2, pH 7.4 or 20 mM HEPES, 1 M NaCl, 10 mM EDTA, pH 7.4. Serum (150 μl) was diluted 1:1 (v/v) with 20 mM HEPES, 140 mM NaCl, 5 mM CaCl2, pH 7.4 or with 20 mM HEPES,        1.85 M NaCl, 20 mM EDTA, pH 7.4 and incubated for two hours at 4oC before use. A sample with 200000 cpm 125I-L-ficolin (prepared as described in section 2.4 and kindly supplied by K. Gulla, (MRC Immunochemistry Unit)) was diluted in 20 mM HEPES, 1 M NaCl, 10 mM EDTA, pH 7.4. The high salt concentration and EDTA disrupt the L-ficolin/MASP complexes and enable evaluation of the sedimentation coefficient of L-ficolin without the MASPs. The samples were gently layered on top of the gradients, and the gradients with 0.14 M NaCl were spun at 35000 rpm for     16 hours using a SW40Ti rotor (Beckman Coulter Ltd) at 4oC while the 1 M NaCl gradients were spun using the same rotor and speed for 32 hours. The gradients were divided into 0.5 ml fractions by peristaltic pumping from the base of the gradient. The positioning of the standard proteins was determined by AB280 and a standard curve based on migration and S-value was made. The samples with serum were diluted   1/10 (v/v) with activation buffer and the amount of L-ficolin in each of the fractions was quantified using the N-acetyl BSA (A) assay (see section 2.9). The position of          L-ficolin in the gradients was used to calculate the sedimentation coefficients based on the standard proteins. The gradient with 125I-L-ficolin was fractionated as above and 300 μl of each fraction was concentrated on StrataClean® resin as described in section 2.10 and run reduced on a SDS-PAGE gel. Following this, the gel was placed in water for 10 minutes to remove detergents, placed on water soaked 3MM Chr paper (Whatman) and dried in a gel slab dryer (Bio-Rad Laboratories, Hercules, CA). The dried gel was exposed to X-ray film (Fuji RX, Fuji Photo Film UK Ltd) in an autoradiography cassette with intensifying screens and incubated at -70oC for two weeks. The film was developed using an X-Ograph imaging system compact X4 (Imaging Systems).
3.2.10 Estimation of Stokes radius of L-ficolin by gel filtration chromatography
The peak fractions (200 μl), i.e. the fraction from each gradient which contained the highest L-ficolin concentration, from the sucrose gradient centrifugation (section 3.2.9), was run on a Superose 6 (10/300 GL) column (GE Healthcare) at                  0.5 ml/minute. The running buffer was either 20 mM HEPES, 140 mM NaCl, 5 mM CaCl2, pH 7.4 or 20 mM HEPES, 1 M NaCl, 10 mM EDTA, pH 7.4 depending on whether the sample originated from the gradient with 140 mM or 1 M NaCl. Serum and serum with 850 mM NaCl, 20 mM EDTA added was also run on the Superose 6 column. Running buffer for the serum sample was 20 mM HEPES, 140 mM NaCl,     5 mM CaCl2, pH 7.4 while for the serum sample with added NaCl and EDTA it was 20 mM HEPES, 1 M NaCl, 10 mM EDTA, pH 7.4. Purified L-ficolin (50 μg) was diluted in 200 μl of 20 mM HEPES, 140 mM NaCl, 5 mM CaCl2, pH 7.4 and run on a Superose 6 column using 20 mM HEPES, 140 mM NaCl, 5 mM CaCl2, pH 7.4 as running buffer. As standards thyroglobulin (85 Å), apoferritin (61 Å)                (Sigma-Aldrich), BSA (40 Å) and carbonic anhydrase (27 Å) (Sigma-Aldrich) were used to estimate the Stokes radius of L-ficolin. The Stokes radii of the standard proteins were obtained from Griffiths and Gleich (1972) and Jackson et al., (1991). The elution volume of the purified L-ficolin was estimated based on the chromatogram, while the elution volume of L-ficolin in serum was found for the fractions by diluting the samples 1/5 (v/v) in activation buffer and measuring the quantity of L-ficolin using the N-acetyl BSA (B) L-ficolin assay, as described in section 3.2.6. 

Since the elution volume of a solute when passed through a gel filtration column is a function of the Stokes radius (Laurent and Laurent, 1964), the Stokes radius of         L-ficolin was estimated by plotting the Stokes radii of the standard proteins as a function of the elution volume. The molecular weights were calculated from diffusion and sedimentation coefficients, Stokes radii and partial specific volumes using the following equation (Siegel and Monty, 1966). 
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M = Molecular weight

Z = Solution viscosity (0.01002 at 20oC)

N = Avogadro’s number (6.022*1023)

a = Stokes radius 
s = Sedimentation coefficient

v = Partial specific volume 
ρ = Density of water at 20oC (1 g/cm3)
3.2.11 Alexa Fluor® 488 labelling of L-ficolin

L-ficolin (100 μg) was dialyzed overnight against 50 mM CHES, 140 mM NaCl,     pH 9.0 at 4oC. Alexa Fluor® 488 carboxylic acid, 2,3,5,6-tetrafluorophenyl-ester (Invitrogen) was dissolved in DMSO to a final concentration of 1 mg/ml. Of this 20 μl was added to the protein solution (250 μl) and incubated at room temperature for two hours. To remove excess dye the labeled L-ficolin was dialyzed back into 20 mM HEPES, 140 mM NaCl, 5 mM CaCl2, pH 7.4.
3.2.12 Glycan array analysis
Purified L-ficolin labeled with Alexa Fluor® 488 as described in section 3.2.11 was used for screening glycan binding motifs. Glycan array technology (The Consortium for Functional Glycomics, Scripps Research Institute, La Jolla, CA) uses printed glycan microarray chips with 285 different spots. Besides glycans six protein controls are included on the chip as internal controls, which leaves 279 different glycans available for screening. These were from a library of natural and synthetic glycans with amino linkers. Binding tests were done by Dr. D. F. Smith and colleagues (Rollins Research Center, Department of Biochemistry, Emory University School of Medicine, GA). Binding of L-ficolin to glycans was detected through its conjugated Alexa Fluor® 488. The screening of the whole chip was performed with a total volume of 70 μl of a 200 μg/ml L-ficolin in 20 mM HEPES, 140 mM NaCl, 5 mM CaCL2,  pH 7.4 and repeated four times. For more information see their website: 
http://www.functionalglycomics.org/static/index.shtml
3.2.13 L-ficolin binding to LPS
LPS from Salmonella enterica serotype typhimurium (S. typhimurium) (Sigma-Aldrich), Escherichia coli (Sigma-Aldrich), Haemophilus influenzae and Neisseria meningitidis (H44/76 WT) were diluted with 0.1 M NaHCO3, pH 9.6 to a final concentration of 10 μg/ml, 100 μl was added to each well in a Maxisorp microtitre well plate and incubated overnight at 4oC. The H. influenzae and the N. meningitidis LPS were kindly provided by Anne Jäkel (MRC Immunochemistry Unit) and had been prepared using the standard hot phenol water method (Westphal et al., 1983). To block remaining active sites each well was incubated with 200 μl PBS with 1 mg/ml BSA for one hour at room temperature. Purified L-ficolin (prepared as described in section 3.2.1) was diluted in a six-step 3-fold dilution series in activation buffer starting at 1 μg/ml of which 100 μl was added to each well and incubated overnight at 4oC. On the following day the wells were washed three times with 200 μl activation buffer and developed with biotinylated anti-L-ficolin antibodies, as described in section 2.9.
3.2 Results

L-ficolin has been difficult to purify since initial purification methods required an affinity step using a GlcNAc derivatized resin (Matsushita et al., 1996), which also captures high amounts of anti-carbohydrate antibodies in serum, pure L-ficolin was difficult to obtain. Another method utilized the ability of L-ficolin to bind in the absence of Ca2+ ions to Sepharose derivatized with CysNAc in solutions with high ionic strength. The bound protein could then be eluted by passing a solution with low ionic strength over the column (Krarup et al., 2004). This method had previously been shown to yield pure L-ficolin and therefore this method was used to purify L-ficolin. Serum was used as L-ficolin source and the first step was to do a 4-8% PEG cut. The CysNAc-derivatized resin was added straight to the solubilized 4-8% PEG cut and subsequently packed into a column, washed and the bound protein was eluted from the column by lowering the ionic strength.  In figure 3.1 the chromatogram from the purification is shown and both the relative L-ficolin concentration and the ionic strength are depicted. As the ionic strength is decreased, the L-ficolin concentration in the eluate increases. The L-ficolin-containing fractions were pooled and prepared for further purification using ion exchange chromatography. The initial L-ficolin signal (at 1-4 ml) is much higher than the background level (figure 3.1), but is mainly due to buffer effects, since no L-ficolin could be detected in the fractions using western blotting (not shown). 
In figure 3.2A the elution profile of the CysNAc eluate from the MonoQ column is shown, while figure 3.2B shows the SDS-PAGE analysis of the first nine fractions of the gradient (65-74 ml). The chromatogram displays a few protein peaks, but since it is known that L-ficolin elutes between 150 and 200 mM NaCl (Krarup et al., 2004), only the initial nine fractions containing the protein that eluted between 20 and 250 mM NaCl were analyzed on SDS-PAGE. In figure 3.2B it is shown that the L-ficolin band (35 kDa) is only detected in fractions 69 to 73, corresponding to the first large peak in figure 3.2A. The SDS-PAGE also shows that the purity is highest between 69 and 71 ml, since it becomes more and more contaminated later on.

The two fractions from 69 to 71 ml were pooled and run reduced and non-reduced on SDS-PAGE for protein identification and determination of purity. In figure 3.3         L-ficolin is shown when analyzed reduced and non-reduced on a silver stained     SDS-PAGE gel. Non-reduced three major protein species can be seen: one at 35 kDa and two that are bigger than 212 kDa, which are different oligomeric forms of          L-ficolin. Some faint bands just below the 212 kDa marker can also be observed, but these are most likely lower order L-ficolin complexes. Reduced, one predominant band at 35 kDa is observed confirming that the larger species in the non-reduced lane were L-ficolin oligomers. Four minor contaminants are visible in the reduced lane, but the amount is considered to be very low since they only appeared after prolonged silver staining. Based on the reduced lane only, the L-ficolin preparation appears to be more than 90% pure.  
One of the goals for this project was to characterize L-ficolin in serum in regard to complex mass, but this cannot be done unless an assay was developed that enabled me to measure it in serum. To do this, purified L-ficolin was used as immunogen and a polyclonal rabbit anti-L-ficolin antiserum was raised. Two types of assays were developed: an antibody sandwich ELISA assay and an ELISA assay using N-acetyl BSA to capture L-ficolin in the well through ligand interactions. Apart from the initial step the two assays were identical. The reason for developing two assays was that at first no ligand for L-ficolin apart from carbohydrates was known, and therefore the antibody sandwich assay was the only possibility. Later, following the discovery of N-acetylated BSA as a useful ligand for L-ficolin, the assay was adapted to save reagents. 

Due to the sequence similarity of L-ficolin, M-ficolin and H-ficolin the                cross-reactivity of the antiserum had to be taken into account (see figure 1.8). Since          M-ficolin is not believed, like both L-ficolin and H-ficolin, to be found in serum, cross-reactivity towards it is irrelevant for this application (Teh et al., 2000). In the case of H-ficolin cross-reactivity would definitely affect the measurements since it is a serum protein as well. To evaluate the cross-reactivity his-tagged rH-ficolin and purified L-ficolin were coated in microtitre wells and developed with biotinylated anti-L-ficolin antibodies. The results from the experiment are shown in figure 3.4. This shows that the anti-L-ficolin antibodies do have some cross-reactivity towards  H-ficolin at high concentrations (1 μg/ml) but at lower concentrations (40 ng/ml) the signal is at background level. This indicates that a very small proportion of the antibodies can recognize H-ficolin, but it is detectable at high H-ficolin concentrations. Therefore the observed cross-reactivity was not great enough to interfere with L-ficolin measurements.

To set up an antibody sandwich assay for L-ficolin, the concentration of the coating and developing antibody had to be determined. To do that different concentrations of the anti-L-ficolin antibodies had to be tried to find the optimal concentration. I decided to start with the coating antibody. Wells coated with 10, 5, 2.5, 1 and 0 μg/ml anti-L-ficolin antibodies were incubated with a dilution series of serum and subsequently with a fixed amount of biotinylated anti-L-ficolin antibodies (10 μg/ml). Wells coated with non-immune rabbit IgG were included as well as a negative control. In figure 3.5 it is apparent that increasing the coating antibody concentration does not increase the 27-fold dynamic rage (1/10-1/270) of the assay. Therefore         1 μg/ml of the anti-L-ficolin antibodies was used for coating. Both the non-immune rabbit IgG and the wells without anti-L-ficolin antibodies (0 μg/ml) gave only background signals showing that the detected signals were not due to anti-rabbit IgG antibodies in the titrated serum. The concentration of the biotinylated antibody was assessed in the same way and it could be observed that 1 μg/ml of the biotinylated anti-L-ficolin antibodies was the optimal concentration since no change in sensitivity or dynamic range could be observed when using more (not shown). 
The L-ficolin sandwich assay was used by Dr. Karine Mayilyan (MRC Immunochemistry Unit) to estimate the serum concentration of L-ficolin in two Armenian populations: a schizophrenic (n=103) and a healthy population (n= 112). In figure 3.6 the data from this investigation is shown. The healthy population has a median concentration of 3.66 μg/ml ranging from 0.8-9.6 μg/ml while the schizophrenic population had a median concentration of 5.08 μg/ml ranging from  1.2-11.3 μg/ml. This showed that the schizophrenic population had a higher L-ficolin level compared to that of the healthy controls. The observed difference was significant using the Mann-Whitney test (p=0.0024) (personal communications). 
When it came to my knowledge that N-acetyl BSA was being used for coating in both L-ficolin and H-ficolin assays in the lab of Professor Jens C. Jensenius (Frederiksen et al., 2005), I set out to develop this, since it would allow me to detect only biologically active L-ficolin. One aspect to take into account is the cross-reactivity since both      L-ficolin and H-ficolin will be bound to the surface, and if the cross-reactivity of the antibodies used to develop the assay had too high cross-reactivity this would distort the measurements. Since the low cross-reactivity of the L-ficolin antibody preparation towards H-ficolin this was deemed insignificant (figure 3.4). Thus the N-acetylated BSA would be suitable surface to use for a new L-ficolin assay. The concentrations of the antibodies and the incubation times were identical to those used for the sandwich assay. The newly developed assay was used to quantify the L-ficolin level in the 78 different sera. In figure 3.7 the measured values have been plotted and the median value was found to be 6.7 μg/ml and the concentration was found to range between 2.4 and 36.6 μg/ml. 
It is known that L-ficolin in serum circulates in complex with the MASPs and through them is capable of activating complement (Matsushita et al., 2000; Matsushita et al., 2002). The L-ficolin complexes in serum are believed to be mainly tetrameric (4 trimeric subunits or 12 L-ficolin polypeptide chains) since that is the complex size of purified L-ficolin (Ohashi and Erickson, 1998). To investigate if this holds true for   L-ficolin in serum, and to investigate the effect the association of the MASPs has on the molecular masses of the L-ficolin complexes, L-ficolin was subjected to various centrifugation techniques. First I wanted to estimate the molecular weight of the purified MASP-free L-ficolin by analytical ultracentrifugation. Secondly I wanted to estimate the size of “unpurified” L-ficolin complexes in serum using sucrose density gradient ultracentrifugation and analytical gel filtration. 
For mass estimation of purified L-ficolin analytical ultracentrifugation was used, since it would allow an estimation of the approximate size of the L-ficolin oligomer without associated MASPs. A single species model was used to estimate the size of the complexes, and the results can be seen in figure 3.8. The bottom panels indicate the fit of the data points to the model used, while the top panels evaluate the suitability of the selected model i.e. the more randomly the data points align around 0.0 the better suited is the model. The molecular mass of the oligomer was calculated based on the molecular mass and conformation of the L-ficolin polypeptide chain and its sedimentation speed. The average mass of the proteins in the preparation was by this method estimated to 361 kDa +/- 36 kDa. Since the L-ficolin polypeptide chain has a molecular weight of 35 kDa including N-linked glycosylations, this corresponds to a complex of 10-11 L-ficolin peptide chains. Since L-ficolin forms trimeric subunits the actual number of polypeptide chains has to be divisible by three. As indicated in the top panels of figure 3.8 the single species model is not completely suitable for the preparation (as shown by the lack of random distribution of the data points). This indicates that more than one species is present in the L-ficolin preparation, which can be caused either by the presence of contaminants or different sizes of L-ficolin complexes. Most likely it is a combination of both since the presence of minor contaminants in the sample is already known (figure 3.3), but also since L-ficolin, like MBL, may be found as a heterogeneous oligomeric population. When these aspects are taken into account the results indicate that trimers and tetramers are the predominant species but the presence of both larger and smaller species cannot be ruled out.

Since the method above used purified MASP-free L-ficolin I wanted to compare the findings to the situation in serum. To do this sucrose density gradient ultracentrifugation was used with whole serum at physiological conditions or in the presence of high ionic strength (1 M NaCl) and EDTA. These conditions would enable me to estimate the mass of L-ficolin in complex with and without associated MASPs, since the 1 M NaCl and EDTA disrupt the L-ficolin MASP complexes (Thiel et al., 2000). After centrifugation the gradients were fractionated and the amount of  L-ficolin in each of the fractions was quantified using the N-acetyl BSA (A) assay (see section 2.9). In figure 3.9 the relative L-ficolin concentration through the gradients is shown and the position of the standard proteins (thyroglobulin, bovine catalase and BSA) is indicated by arrows. In the 1 M NaCl and EDTA gradient (figure 3.9A) only one peak could be observed at 3.2 ml from the bottom. In the gradient at physiological conditions (figure 3.9B) two peaks could be detected at 4.1 and 4.7 ml. The position of the standard proteins was used to determine the sedimentation coefficient of the L-ficolin. This was done by plotting the sedimentation coefficient as a function of the position in the gradient. Based on this the sedimentation coefficient of L-ficolin devoid of MASPs was estimated to 17.2 S while the two peaks at physiological conditions were estimated to 18.7 S and 20.6 S, respectively. Since the 18.7 S peak is composed of only one point it is disregarded in the later size estimations. In both experiments the peaks are very broad and appear somewhat asymmetrical, but due to the lack of sensitivity in the experiments the possibility cannot be eliminated that the one peak observed is composed of two or more individual peaks. The sedimentation coefficient of the 125I-L-ficolin was estimated based on the autoradiogram and the peak centre was found by the relative intensity of the L-ficolin band in each fraction. The peak of 125I-L-ficolin was estimated at 4.3 ml corresponding to a sedimentation coefficient of 14.5 S. 
The sedimentation coefficient by itself is not enough to estimate the molecular mass of a protein since it is dependent both on mass and conformation. Therefore the Stokes radius had to be estimated by gel filtration. To estimate the Stokes radius of   L-ficolin standard proteins (thyroglobulin, apoferritin, BSA and carbonic anhydrase) with known Stokes radii were plotted as a function of the elution volume (indicated by arrows in figure 3.10). A straight straight line was fitted to these points allowing estimation of Stokes radius of a protein with known elution volume. 

To estimate the Stokes radius of L-ficolin, several experiments were performed. Firstly the purified L-ficolin was run on the Superose 6 column and the elution volume was 13.2 ml, corresponding to a Stokes radius of 72.8 Å. By inserting the Stokes radius and the sedimentation coefficient of the purified L-ficolin in the equation shown in section 3.2.10, the estimated molecular mass of the L-ficolin was 407 +/- 41 kDa or 11.6 x 35 kDa polypeptide chains. This confirms the assumption from the analytical ultracentrifugation experiment and shows that purified L-ficolin is primarily found as a tetramer of trimers.

To investigate if this was also true for L-ficolin in serum, the main peaks from the      1 M NaCl and EDTA and from the 140 mM NaCl and Ca2+ ion sucrose gradients were subjected to gel filtration chromatography as well as serum and serum with   0.85 M NaCl and EDTA added and the elution point of L-ficolin was detected using the N-acetyl BSA (B) L-ficolin assay. The elution of L-ficolin from the Superose 6 column is shown in figure 3.10. Here it can be observed that L-ficolin from the 1 M NaCl and EDTA gradient (open circles) eluted at 10.8 ml, while from the 140 mM NaCl and Ca2+ gradient (closed circles) eluted at 10.3 ml. This suggested Stokes radii of 100.5 Å and 103 Å for the 1 M NaCl gradient and the 140 mM NaCl gradient, respectively. When the molecular mass of the L-ficolin was calculated based on the above mentioned Stokes radii and the previously estimated sedimentation coefficients, the molecular masses of L-ficolin in the presence or absence of MASPs was estimated to 830 +/- 83 kDa and 673 +/- 67 kDa, respectively. The complex size of 673 kDa devoid of MASPs corresponds to a complex comprised of 19.2 L-ficolin polypeptide chains, but due to the structure of L-ficolin, it either has to be 18 or 21 chains. Under conditions in which L-ficolin is in complex with the MASPs the size of the complexes is increased by 160 kDa. The average mass of a MASP is approximately 75 kDa so this mass increase corresponds roughly to that of a MASP dimer. Since the MASPs are believed to form only homodimeric complexes (Feinberg et al., 2003) the data strongly suggests that L-ficolin complexes and MASP dimers associate in a 1:1 ratio. 
When whole serum is used for the determination of the Stokes radius of L-ficolin in the “presence and absence” of the MASPs (i.e. physiological NaCl and Ca2+ ions, or  1 M NaCl and EDTA) it was estimated to 101 Å in both cases. This corresponds to a molecular mass of L-ficolin complexes with MASPs associated of 814 +/- 81 kDa and without of 680 +/- 68 kDa. This confirms the observation from above that L-ficolin complex are composed of 18 or 21 but most likely 18 L-ficolin polypeptide chains and that only one MASP dimer is associated per L-ficolin oligomer.
The mass estimations of L-ficolin answer some questions concerning L-ficolin on the macromolecular level, but the mechanism by which L-ficolin recognizes foreign surfaces is still largely unknown. So far little has been done in the way of elucidating the specificity of L-ficolin apart from inhibition studies. These all showed that          L-ficolin has a preference for N-acetylated compounds like GlcNAc, GalNAc and CysNAc indicating that a central part of the binding motif is a N-acetyl group (Krarup et al., 2004; Le et al., 1998). 
To further this specificity characterization access was gained to glycan array technology through The Consortium for Functional Glycomics. This enabled me to screen 285 different spots, of which six were control proteins and the remaining 279 were different glycan structures, for their L-ficolin binding potential. This would possibly enable me to identify structural motifs that are important for the L-ficolin binding apart from the already known N-acetyl group. In figure 3.11A the relative    L-ficolin binding to the 279 different carbohydrate structures is shown. The error bar indicates the standard error of measurement from four individual experiments. The arrows indicate the four structures (glycans number 49, 156, 157 and 247) that displayed the highest L-ficolin binding potential. The numbers indicate the position on the chip and the exact structure of 10 selected carbohydrate structures is shown in figure 3.11B. Throughout the text the carbohydrate structures are only referred to by their number but for precise structures refer to figure 3.11B. In figure 3.11B the top four exhibited the highest L-ficolin binding potential. Of these especially the top three stand out while number 247 is not nearly as distinct. Glycan number 156 had a high standard error of measurement, and therefore is disregarded in the further analysis of the data. In an attempt to identify structures that are important for L-ficolin recognition the glycan 247 was left out as well, since the signal was not as strong as with number 49 and 157. The two remaining structures have quite a bit in common. Next to the spacer both have a GlcNAc residue that through a β1-4 glycosidic bond is connected to a galactose (Gal) residue. This Gal is again connected via C6 to an       N-acetylated monosaccharide by an α-glycosidic bond. The main weakness of the glycan array technology is that it is not possible to know if the different carbohydrates are found at the same coating density, but to allow for interpretation, this is assumed.
As mentioned earlier L-ficolin has been shown to recognize N-acetylated carbohydrate structures, and if the glycans number 22 and 25 (figure 3.11B) are taken into account this is to some extent confirmed. A single GlcNAc residue (22) did not show any ability to bind L-ficolin while a GlcNAc oligosaccharide (25) did. This indicates that GlcNAc residues are indeed enough to mediate L-ficolin binding but that binding is dependent on the density. Since structures like 49 and 157 bind          L-ficolin far better than 25 despite having less N-acetylated residues, other structural aspects must play a part as well. When each of the individual parts of glycans 49 and 157 is assessed by itself a clear pattern emerges. If the binding potential of the initial two monosaccharides (Galβ1-4GlcNAc) is assessed using glycan 153 (figure 3.11B) as a model, it can be observed that L-ficolin does not bind strongly to these suggesting the importance of the terminal N-acetylated monosaccharide (GlcNAc for 157 and   di-acetylated sialic acids for 49). Another observation that can be made is that glycan number 176 (poor binding) is almost exactly identical to 157 (high binding) apart from the bond connecting the terminating GlcNAc residue to the Gal residue, which is a β-glycosidic bond in 176 and not an α as it is with 49 and 157. This difference alters L-ficolin binding and underlines the importance of correct orientation of the terminating N-acetylated compound. This is further emphasized when comparing 49, that terminates in an N- and O-acetylated neuraminic acid to glycan 246, which is identical apart from terminating in a neuraminic acid that has only one acetylation. This difference does abolish the binding potential of L-ficolin completely and suggests that the orientation of the N-acetyl groups plays a major role for recognition. The data presented here show that N-acetyl groups are crucial for L-ficolin binding, but also that L-ficolin is very restricted when it comes to binding in terms of geometric orientation. By recognizing conformations and not just single monosaccharides like MBL, L-ficolin may be capable of targeting pathogens that have adapted and masked themselves with glycosylations that resemble those of the host in an effort to evade the immune system. 
Since LPS mainly is composed of lipid A and an oligosaccharide this might be a suitable ligand for L-ficolin and a way for it to recognize microorganisms. Therefore purified LPS from E. coli, S. typhimurium, N. meningitidis and H. influenzae were coated in microtiter wells and developed with dilution series of purified L-ficolin. The results from this can be observed in figure 3.12 and as shown all four LPS display a dose-dependent L-ficolin binding. Unfortunately this is also true for the BSA coated wells, indicating that the positive signals are not due to specific recognition of the LPS, but rather non-specific binding of the purified L-ficolin. 
3.4 Discussion
L-ficolin is a relatively newly-discovered protein, but it was not until 2000 when its role in complement activation was discovered that the characterization of L-ficolin gained momentum (Matsushita et al., 2000). The focus has mainly been on elucidating the role of L-ficolin in the innate immune system by disease associations and binding studies of L-ficolin to potential pathogens or cellular debris (Atkinson et al., 2004; Jensen et al., 2007; Kilpatrick et al., 2003; Krarup et al., 2005). Here I have presented a study carried out by Dr. K. Mayilyan in which the level of L-ficolin in a schizophrenic population was compared to a healthy population. This showed that    L-ficolin seems to be either up-regulated in schizophrenic individuals or that individuals with high levels of L-ficolin are more prone to become schizophrenic. This observation, as well as the one of increased MBL/MASP activity in schizophrenic individuals, indicates that complement may play a part in the pathogenesis of the disease but the exact mechanism is currently unknown (Mayilyan et al., 2006). 
I also used the N-acetyl BSA assay to quantify the L-ficolin level in 78 serum samples from a Danish population. This investigation showed that the L-ficolin concentration varies from 2.4–36.6 μg/ml with a median concentration of 6.7 μg/ml. When these findings are compared to previous studies of the L-ficolin concentration in healthy Caucasian populations, the L-ficolin levels measured here are higher than those previously reported (3.8, 3.7 and 5 μg/ml) (Hummelshoj et al., 2005; Kilpatrick et al., 1999; Krarup et al., 2005). Since few studies in general have been conducted to measure serum levels, those discussed here are probably an example of the variations between individuals. One aspect that might affect the measured serum levels in this study compared to previous ones published is the means of detection. All previous studies have used antibody sandwich assays i.e. binding of L-ficolin in the wells through high affinity antibodies. Here instead L-ficolin has to interact with the         N-acetyl BSA through the fbg domains. Thus, a selection step is introduced whereby low order oligomers unable to form a stable interaction with the ligand will not be quantified. Since the level of L-ficolin in the standard serum was estimated using the sandwich assay, the actual and the biologically active L-ficolin concentration might be different. 
The last part of this chapter is mainly concerned with macromolecular characterization of L-ficolin both in terms of complex size and ligand specificity. When purified L-ficolin devoid of MASPs was analyzed by sucrose density gradient ultracentrifugation the size of the L-ficolin oligomer was determined as 407 kDa. This shows that the purified L-ficolin complex is tetrameric or composed of 12 L-ficolin polypeptides as has been shown for rats and mice (Girija et al., 2007; Ohashi and Erickson, 1998). This corresponds well with the result from the analytical ultracentrifugation where the average mass in the L-ficolin preparation was estimated to 361 kDa and, since I am already aware of the presence of impurities in the L-ficolin preparation (figure 3.3), these are probably responsible for the underestimation of the size of L-ficolin.

When the size of the L-ficolin complexes in serum was estimated using sucrose density gradient ultracentrifugation and gel filtration chromatography, a different result was obtained. When the mass of the L-ficolin complex was analyzed under conditions where the L-ficolin/MASP complexes are disrupted the molecular mass of L-ficolin was estimated to 680 kDa. This corresponds to a complex composed of 19.4 L-ficolin polypeptide chains. The possibility that L-ficolin is found as a complex with 21 polypeptide chains cannot be eliminated, but since proteins with similar structure like MBL and H-ficolin have been observed to form mainly tetrameric or hexameric complexes (Lu et al., 1990; Yae et al., 1991), it is most likely that hexameric is also is maximum complex size for L-ficolin. The size difference between purified L-ficolin and L-ficolin in serum is difficult to explain, since L-ficolin in serum and L-ficolin purified as done here have been shown to have identical elution volumes from a Superose 6 column (Krarup et al., 2004). Since the detection assay (Krarup et al., 2004) differs from the N-acetyl BSA assay used here this might cause the difference, but this was ruled out after having added the fractionated purified L-ficolin to the     N-acetyl BSA (B) assay and found no difference in elution volume (not shown). The sandwich assay described in section 3.2.4 was also used to develop the serum after gel filtration and no change in elution volume could be observed there either (not shown). Another factor that might affect the oligomeric state of L-ficolin has previously been reported for SP-A. It was shown that the SP-A oligomerization was affected by the oxidation of the protein (Hickling et al., 1998; Stuart et al., 1996). This could cause the discrepancy between what we observe for the purified L-ficolin and L-ficolin in serum. Another relevant observation that supports this is that newly expressed recombinant L-ficolin forms octameric complexes, that upon storage these gradually are converted into tetramers (Hummelshoj et al., 2007). Something similar might be happening here since the peaks in figure 3.9A and 3.9B are broad and asymmetrical and therefore could be composed of more than one molecular species, but due to the lack of sensitivity this could not be clarified.  Analysis of L-ficolin in serum was consistent with the L-ficolin oligomer binding one MASP dimer.
 The glycan array data acquired from the Consortium for Funtional Glycomics gave some strong indications regarding the importance of the different carbohydrate structures. It showed that L-ficolin is capable of interacting with GlcNAc residues but only if present at high density (glycan 22 compared with 25) (figure 3.11B). Since GlcNAc-derivatized chromatography resins have been used to purify L-ficolin this was expected (Matsushita et al., 1996), but it also illustrates how L-ficolin is prevented from binding to healthy host cells. Additionally it showed that the position in space of the acetyl group is very important for the binding of L-ficolin (glycans 49, 157, 153, 176 and 246). When the L-ficolin fbg was co-crystallized with different compounds it was found to have four different binding sites of which three are believed to be involved in recognition of β-glucans suggesting that L-ficolin under physiological conditions probably has to interact with more than one monosaccharide for binding to occur (Garlatti et al., 2007). The structural data and the data from the glycan array indicate that L-ficolin compared to MBL is targeting complex binding sites instead of single terminal saccharide residues. By only recognizing rare structural conformations that are not present on host cells, L-ficolin can bind to and eliminate pathogens attempting to mask themselves with mammalian glycosylation patterns. This was also illustrated with the inability of L-ficolin to bind to LPS, since they contain a lot of carbohydrate but not the correct binding motif.  
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