Chapter 5


5.1 Introduction
MASP1 was discovered in 1992 as a protein which co-purified when MBL was purified on a mannan-Sepharose column if eluted with mannose (and not with EDTA as had been commonly used) (Matsushita and Fujita, 1992). MASP1 is produced as a single chain zymogen that upon secretion forms complexes with MBL, L-ficolin and H-ficolin (Matsushita and Fujita, 1992; Matsushita et al., 2002) and most likely also M-ficolin (Frederiksen et al., 2005; Liu et al., 2005). Upon binding of MBL or the ficolins to a target surface the associated MASP1 becomes activated by cleavage of the Arg448-Ile449 bond (Schwaeble et al., 2002). This results in a two chain structure consisting of a heavy chain composed of the domains mainly involved in association with MBL or the ficolins (CUB-EGF-CUB2) and what is believed to be the specificity determining domains (CCP1-CCP2) and a light chain which is a serine protease domain (SP-domain) (figure 5.1A). 
Despite being discovered 15 years ago the role of MASP1 is still widely debated and no definite substrate has been identified. Due to the involvement of MBL in the initial stages of complement activation the main focus has been put on complement components. One of the proposed substrates for MASP1 was C3 as was first reported by Matsushita and Fujita (1995). These findings were later disputed as other reports demonstrated that MASP1 had no ability to cleave C3 (Hajela et al., 2002; Rossi et al., 2001) whilst those that did reported varying but very low turn-over rates (Matsushita et al., 2000; Petersen et al., 2001). The C3 activation turned out not to be true, but MASP1 was shown to be capable of cleaving (slowly) C3(H2O) i.e. C3 in which the thiolester had been hydrolyzed (Hajela et al., 2002). Since C3(H2O) in plasma has a very short half-life due to the action of factor H and factor I this low turnover of MASP1 is not believed to be physiologically relevant. Another complement protein that MASP1 does cleave is C2 (Ambrus et al., 2003; Matsushita et al., 2000). This cleavage occurs at a higher rate, approximately 10-times slower than the enzyme MASP2, which is responsible for the formation of the C3-convertase complex by cleaving C4 and C2 (Ambrus et al., 2003; Thiel et al., 1997). Unfortunately MASP1 has no activity towards C4 and without C4 the C3 convertase cannot be assembled. Despite this MBL, MASP1, MASP2 and MASP3 depleted sera were used to evaluate the effect of each of the proteins on deposition of C3b on a target surface. These experiments showed that the addition of both MASP1 and MASP2 increased the total deposition of C3b on a mannan-coated surface, more than the additive effect of each of them alone (Moller-Kristensen et al., 2007). This can occur if C4b and C2 are capable of forming a complex, on the surface to which C4b is bound, like it is in the fluid phase (Wallis et al., 2007). By this mechanism MASP1 may actively participate in the formation of the C3 convertase by cleaving the bound C2.

Recently studies with MASP1 have also been carried out with proteins not originating from the complement system, but from the coagulation system. Both are protein cascades and both to some extent utilize the same control mechanisms indicating a common origin (Esmon, 2004; Pike et al., 2005). Two of the main proteins in the clotting cascade, fibrinogen and factor XIII, can be cleaved and activated by MASP1 (Hajela et al., 2002). Both are also activated by thrombin and involved in the later stages of coagulation, since their main role is the formation and stabilization of the fibrin clot. 
Fibrinogen is a large protein complex comprising 6 polypeptide chains, 2 α-, 2 β- and 2 γ-chains. Upon activation by thrombin the α- and β-chains are cleaved near the      N-terminus releasing the fibrinopeptides A and B (16 and 14 amino acids, respectively). The release of the fibrinopeptides allows the fibrin strands to aggregate by forming non-covalent interactions (Blomback and Bark, 2004; Mosesson et al., 2001). While the activation of fibrinogen is occurring factor XIII is also activated by thrombin. It is a tetrameric protein complex composed of 2 A and 2 B chains. When activated an    N-terminal peptide is released from the A chain generating the A’ chain enabling the inhibitory subunit B to dissociate from the complex leaving a fully active enzyme (Bereczky et al., 2003). Factor XIIIa is a transglutaminase that catalyzes an acyl transfer reaction enabling it to covalently cross-link fibrin α- and γ-chains forming αn oligomers and the γ2 dimers. As the clotting process progresses these become covalently cross-linked to each other as well. MASP1 has been shown, like thrombin, to be capable of activating fibrinogen and to promote covalent cross-linking of the α- and γ-chains indicating that activation of factor XIII also must occur (Hajela et al., 2002).
These substrates for MASP1 all have in common that the enzymatic reactions have a slower turn-over rate than that observed for MASP2 and C4 and this indicates that there may be a more relevant substrate for MASP1 to be found. Therefore in the first part of this chapter I will attempt to identify and characterize a major plasma protein substrate for MASP1 using a proteomic approach. In the second part I will focus on the activation of factor XIII and fibrinogen to attempt to characterize this. 
5.2 Materials and Methods
5.2.1 rMASP1

For all experiments with MASP1 a truncated rMASP1 construct was used, which was kindly supplied by Dr. Péter Gál (Institute of Enzymology, Biological Research Center, Hungarian Academy of Sciences, Budapest, Hungary) and is described in Ambrus et al., (2003). It is expressed in E.coli as a single protein chain composed only of the two CCP domains, the link region and the serine protease domain. During refolding and purification it autoactivates by cleavage of the Arg448-Ile449 bond in the C-terminal end of the link region (the amino acid number is based on the full-length sequence). This therefore yields a fully active rMASP1 that is incapable of forming complexes with MBL and the ficolins due to the lack of the CUB1EGFCUB2 domains. To analyze the size and purity of the protein rMASP1 was run reduced and non-reduced on SDS-PAGE.
5.2.2 Stability of rMASP1 

rMASP1 in 20 mM HEPES, 140 mM NaCl, 5 mM CaCl2, 0.05% (v/v) Tween20,     pH 7.4 (activation buffer) was incubated at 37oC for 0, 1, 2, 4 and 8 hours and analyzed on reducing SDS-PAGE (1 μg/track) or mixed 1:1 (v/v) with 200 μM    VPR-AMC in activation buffer to yield a final concentration of 0.1 μg/ml rMASP1 and 100 μM VPR-AMC. Substrate turnover was quantified as described in section 2.11.

5.2.3 Effect of NaCl and Ca2+ ions on rMASP1 enzymatic activity
rMASP1 (1 μg/ml) was incubated with a 20 mM HEPES, pH 7.4 buffer with 1 M,   0.5 M, 0.25 M, 0.125 M, 0.063 M, 0.032 M, 0.016 M or 0.008 M NaCl with either     5 mM CaCl2 or 5 mM EDTA as well as 100 μM VPR-AMC. The substrate turnover was estimated as described in section 2.11 

5.2.4 Depletion of IgG and HSA from plasma
Human plasma (5 ml) was diluted 1:1 (v/v) in 20 mM HEPES, 140 mM NaCl,          0.5 mM EDTA, pH 7.4 (hepes buffer). The diluted plasma was incubated with 5 ml of fast flow Protein G-Agarose® (GE Healthcare) for 2 hours at 4oC. Following the incubation the beads were packed into a column and the flow through was collected. The column was washed with HEPES buffer and the wash was collected until        AB280 < 0.05. The combined run-through and washes is referred to as IgG-depleted plasma. To remove HSA from the IgG-depleted plasma 15 ml Blue Sepharose (GE Healthcare) was packed into a column and equilibrated with HEPES buffer. The      IgG-depleted plasma was passed over the column at 1 ml/minute and the flowthrough and washes collected until AB280 < 0.05. The combined flow through was very dilute and was concentrated to 14 ml using a Vivaspin20 10000 MW cutoff concentrator (Sartorius, Goettingen, Germany). This concentrated flow through is referred to as the HSA- and IgG-depleted plasma. After concentration of the HSA- and IgG-depleted plasma, 80 μg of protein from the plasma before depletion, the IgG-depleted plasma and the HSA- and IgG-depleted plasma was analyzed reduced on SDS-PAGE. 
5.2.5 Fractionation of HSA- and IgG-depleted plasma

To fractionate the HSA- and IgG-depleted plasma a 153 ml (20/490) Superose 12 column (GE Healthcare) was equilibrated with HEPES buffer. The HSA- and           IgG-depleted plasma (2 ml) was loaded onto the column and run at 0.5 ml/minute. The eluate was collected in 2 ml fractions from the void volume (V0) to the buffer peak. From these 50 μl of each was analyzed on SDS-PAGE apart from the fractions with very low protein content eluting between 60-88 ml. For these fractions, 50 μl of each was pooled and concentrated using StrataClean® resin (as described in section 2.10). Based on the protein content, fractions were pooled in the following groups: 30-38 ml; 38-46 ml; 46-54 ml and 54-70 ml. Each of the pooled fractions was loaded onto a global (5/5) MonoQ column after having been diluted 1:4 (v/v) in 20 mM HEPES, 0.5 mM EDTA, pH 7.4 and eluted using a 20 ml NaCl 40-400 NaCl gradient and 2 ml fractions were collected. 
5.2.6 MASP1 substrate investigation

Each of the fractions from section 5.2.5 was spilt in two and 500 μl of each fraction was incubated for 3 hours at 37oC with or without 0.5 μg of rMASP1. Following the incubation, StrataClean® resin (as described in section 2.10) was used to concentrate the protein to allow for analysis on reducing SDS-PAGE. 
5.2.7 Ammonia treatment of plasma samples

The 30-38 ml pool from the gel filtration column was processed on MonoQ as in section 5.2.5. The sample eluting between 80-120 mM NaCl was divided into two aliquots. One sample was diluted 1:1 (v/v) with 0.2 M NH4HCO3, 0.5 mM IAM,     pH 8.6 while the other was diluted the same way with HEPES buffer and incubated for 1 hour at 37oC. Both samples were dialyzed against HEPES buffer overnight at 4oC. Each of the two samples was split and treated with and without rMASP1 and analyzed on SDS-PAGE as described in section 5.2.6. The ammonia treatment inactivates C3, C4 and α-2-macroglobulin (α2M) (Barrett et al., 1979; von Zabern et al., 1981).
5.2.8 rMASP1 activation of factor XIII 
Factor XIII (1 μg) (Haematologic Technologies Inc, HTI, Essex Junction, VT) was incubated with either 10 μg/ml rMASP1 or 1 unit/ml thrombin (Sigma-Aldrich) in 15 μl activation buffer at 37oC. The time intervals were as follows: 0, 5, 10, 20, 40, 80, 160 and 320 minutes for rMASP1 and 0, 0.5, 1, 2, 4, 8, 16 and 32 minutes for thrombin. After incubation, reducing sample buffer was added to the sample to prevent further enzyme activity and the samples were analyzed on SDS-PAGE. 
5.2.9 Activity comparison of thrombin and rMASP1 preparations

Thrombin (4, 2, 1 and 0.5 μg) and rMASP1 (4, 2, 1 and 0.5 μg) was analyzed on reducing SDS-PAGE to allow for comparison of the amount of active protein in each of the preparations (by observing the relative quantity of intact SP domain).
5.2.10 Fibrinogen cleavage by rMASP1
Fibrinogen (Enzyme Research Laboratories Ltd, Swansea, UK) (3 μg) was incubated with a 7 step 2-fold dilution series of thrombin or rMASP1 starting at 10 U/ml or 32 μg/ml, respectively. The reactions were carried out in a total volume of 10 μl activation buffer with or without 2 mM IAM. The samples were incubated for 24 hours at 37oC and analyzed reduced on SDS-PAGE. 
5.2.11 Fibrinopeptide A and B detection
Fibrinogen (250 μg) was incubated for 16 hours with 1 U/ml thrombin or 16 μg/ml rMASP1 or alone in 250 μl activation buffer. A preparation of thrombin and fibrinogen was also incubated for only 5 minutes under identical conditions. As an additional control commercially available fibrinopeptide A and B (Bachem) was solubilized in activation buffer and incubated with 1 U/ml thrombin for 16 hours at 37oC. To some samples 1 mM IAM was added as well. After incubation the samples were filtered using Ultrafree®-MC centrifugal filter devices with a 10 kDa cutoff (Millipore). The samples, which passed through the filter (200 μl) were run on a Dionex P680 high-performance liquid chromatography (HPLC) system (Dionex Ltd, Leeds, UK) using a Phenomenex Jupiter 5μ (300A pore-size) C18 reverse-phase column (Phenomenex Ltd, Macclesfield, UK). The bound peptides were eluted with a 2-50% (w/v) linear gradient of 0.1% (w/v) trifluroacetic acid in water and 0.09% (w/v) trifluroacetic acid, 80% (v/v) acetonitrile also in water with a flow rate of 200 μl/minute. The content of peptides in the eluent was quantified by OD215 and fractions were collected by hand. For Matrix-assisted laser desorption/ionization-time of flight (MALDI-ToF) mass-spectrometry the samples were dried by using a Speedvac® (Thermo Fisher Scientific, Inc., Waltman, MA) and the dried peptides were resuspended in a suitable volume (1-5 μl) of 0.1% (w/v) trifluroacetic acid in water. The samples were mixed 1:1 (v/v) with 10 mg/ml α-cyano-4-hydroxycinnamic acid and the peptide masses were estimated using an Ettan MALDI-ToF Pro mass spectrometer (Amersham Biosciences Ltd).     
5.3 Results 
As mentioned earlier the MASP1 used in these studies is not full-length but rather a truncated version without the domains involved in the MBL and ficolin complex formation. In figure 5.1A schematic representations of the full-length MASP1 and the rMASP1 used in these studies are shown. Figure 5.1B shows the rMASP1 when run reduced and non-reduced on SDS-PAGE. In the reduced lane two bands appear: the serine protease (SP) domain  at 30 kDa and the truncated heavy chain at 20 kDa. When run non-reduced a band at about 47 kDa is observed. The band pattern indicates that the preparation is 100% activated and that little if any autolysis had occurred during storage.
To further characterize the rMASP1 preparation it was tested in regard to stability and the effect that Ca2+ ions and NaCl concentration have on the enzymatic activity. First the stability of rMASP1 was tested in two systems by incubating the enzyme alone at 37oC for up to 8 hours. The effect on the activity was measured by VPR-AMC turnover while the actual changes on the protein level were evaluated by SDS-PAGE. In figure 5.2A the loss of activity towards the VPR-AMC substrate of rMASP1 incubated for 0-8 hours at 37oC is shown. The activity is compared to the sample incubated for 0 hours. As can be observed there is a rapid drop in activity of 20% during the first hour of incubation while the remaining 7 hours result in a total loss of activity of 35%. In figure 5.2B the autolysis of rMASP1 can be observed. Since the samples are run reduced the SP-domain and the CCP1CCP2 domains can be found at 30 and 20 kDa, respectively. As the incubation time is increased another band starts appearing in between the two. This is a truncated SP domain in which the 56            N-terminal amino acids (from Ile449 to Asp505) are lost due to autolysis (Ambrus et al., 2003). After 4 and 8 hours of incubation a cleavage fragment can be observed at         6 kDa as well. At 8 hours of incubation some larger bands also appear that might be SP domain dimers since the size corresponds with the predicted size of two              SP domains. As time progresses the full-length SP domain band diminishes while the amount of truncated SP-domain increases and at 8 hours < 20% of the intact                  SP domain remains. This should affect the catalytic activity of the protease since the histidine from the catalytic triad is situated in the cleavage fragment. When this is compared to the data from figure 5.2A it does not correlate very well. It is not clear how less than 20% full-length rMASP1 can have 65% activity. Possible explanations are that the cleaved SP domain still possesses some catalytic activity. This is very likely since the cleavage fragment, although not disulphide linked to the rest of the protein may still be held in place by the non-covalent bonds. The larger order complexes could also still be active. A complication in the substrate turnover is that rMASP1 is a competitive substrate and therefore could influence the VPR-AMC turnover at the different time points.
To make sure that the rMASP1 did not have a Ca2+ ion dependent catalytic activity and also to estimate the importance of the ionic strength of the solution in which a rMASP1 reaction occurs, these conditions were tested experimentally. A seven step  2-fold dilution series of NaCl with Ca2+ ions or EDTA starting at 1 M NaCl in 20 mM HEPES, pH 7.4 buffer was set up and rMASP1 turnover of VPR-AMC was measured at the different conditions. In figure 5.3 the activity of rMASP1 compared to the conditions yielding the max activity (16 mM NaCl, 5 mM Ca2+ ions) is shown. As can be observed the absence of Ca2+ ions decreases the activity by approximately 10-15% at all the concentrations of NaCl. What can also be observed is that rMASP1 is most active at low concentrations of NaCl with an optimum at around 16 mM NaCl. However >50% activity is retained at 1 M NaCl. This indicates that ionic interactions with the substrate are probably involved in the recognition of the tripeptide substrate. The data presented in figure 5.2 and 5.3 demonstrates that rMASP1 is an unstable enzyme that is Ca2+ ion independent and is active over a wide range of ionic strengths. Because of autolysis, incubation time limitations should be taken into account when subsequent experiments are designed.
 As mentioned in the introduction little is known about MASP1 in regard to substrate specificity. It has been shown to be capable of cleaving some plasma proteins but always at a slow rate if compared to the MASP2 conversion of C4. To attempt to identify a major plasma protein substrate I wanted to use a proteomics-like approach. To do this plasma was to be fractionated by both gel filtration and ion-exchange chromatography to enable visualization of more proteins than would be possible if only one of the fractionation methods were used. Since IgG and HSA make up about 75% (approximately 10 and 40 mg/ml, respectively (Lentner, 1984)) of the total protein content in plasma these two proteins were to be removed to allow for detection of less abundant proteins. Depletion steps were done with first protein G and secondly with Blue Sepharose to remove IgG and HSA, respectively. To ensure that the majority of the protein removed was in fact IgG and HSA 80 μg of protein from each of the three plasmas was analyzed on SDS-PAGE. As can be seen in figure 5.4 the lane containing non-treated plasma has four major bands (158, 60, 50 and 25 kDa) of which the last three correspond to HSA and IgG heavy and light chain, respectively. In the IgG-depleted plasma lane both the 50 and the 25 kDa bands are diminished indicating that the vast majority of the IgG has been removed. Still the HSA band remains but as can be seen in the IgG and HSA depleted plasma lane the amount of HSA compared to the other two plasmas has been decreased a lot. Since the concentration of IgG and HSA has been reduced sufficiently the plasma would now be usable for the fractionation steps. 
There are still, after removal of HSA and IgG, many proteins in plasma, and thus the depleted plasma was subjected to a gel filtration step and the fractions from the void volume onwards were analyzed on SDS-PAGE. In figure 5.5A the chromatogram acquired from the gel filtration column can be seen and in figure 5.5B the fractions that were analyzed for protein content on SDS-PAGE are shown. Due to the Superose 12 column having a V0 of 30 ml the fractions before that were not included on the gel. The last sample was a pool from all the fractions between 60-88 ml since the chromatogram did not indicate that those fractions would contain much protein. Based on this it was decided to pool the fractions in 4 pools, namely 30-38 ml, 38-46 ml,  46-54 ml and 54-70ml. These pooled fractions were further processed by MonoQ  ion-exchange chromatography. The 4 pools were loaded onto a MonoQ column and the bound protein was eluted with a 20 ml 40-400 mM NaCl gradient and collected in 10 fractions. The 40-400 mM gradient was selected since rMASP1 even at the highest concentrations of NaCl would have more than 70% activity (figure 5.3). Of the ten fractions eight (selected based on protein content) were subjected to incubation with or without rMASP1. Following the incubation with rMASP1 the samples were analyzed on SDS-PAGE and investigated for rMASP1-dependent band shifts. This yielded 32 different fractions of which each one was analyzed with and without rMASP1. The samples were loaded on SDS-PAGE gels pair wise i.e. one sample rMASP1 treated and non-treated in adjacent lanes to enable visualization of band shifts. This required eight gels in total. Seven of the eight did not have any detectable band shifts apart from rMASP1 itself and degradation products of rMASP1and they are not shown. The eighth gel in which some band shifts occurred is shown in figure 5.6. In the 80-120 mM NaCl sample with rMASP1 two changes compared to the control sample without MASP1 can be seen. The first (1) is a novel band with an apparent molecular weight of >212 kDa while the other band (2) at 85 kDa is found in the non-treated sample as well but not at the same quantity. The second band can also be detected in the 3 following fractions. Since the two bands were found in the sample with the highest molecular masses (30-38 ml pool from Superose12, figure 5.5A), α2M is a possible candidate. α2M is a known inhibitor of MASP1 (Ambrus et al., 2003) and is a protein complex with 4 subunits each of 179 kDa and therefore most likely would be found in the early fractions from the Superose 12 column. 
α2M has a different inhibition mechanism compared to the serpins, like C1-inhibitor and ATIII, as it does not inactivate proteases by forming covalent complexes with the catalytic amino acids. Instead it has a bait region in which amino acid sequences, which can be cleaved by several proteases are represented. Upon cleavage of the bait region the α2M undergoes conformational changes, in which a thiolester bond is exposed. This results in several conformational changes, which traps the protease and prevents it, through steric hindrance, from cleaving high molecular weight substrates (Sottrup-Jensen, 1989; Sottrup-Jensen, 1994). During these changes, the protease may become covalently linked to the α2M via the thiolester but this is not essential for inhibition. Proteins with reactive thiolesters can be inactivated by ammonia treatment and such a treatment also renders α2M inactive. By inactivating α2M it would enable me to assess whether or not the two bands are due to the reaction of α2M with rMASP1. 
To investigate this, the fraction 80-120 mM NaCl from figure 5.6 was treated or not treated with ammonia and after dialysis subjected to rMASP1 treatment. In figure 5.7 the SDS-PAGE analysis of the 80-120 mM NaCl fraction, both ammonium-treated and non-treated is shown. As can be observed in the non-treated lane with rMASP1 both the >212 kDa band and the 85 kDa band can be identified. When the ammonia treated samples were analyzed the >212 kDa band disappears while the 85 kDa band is greatly diminished showing that the formation of both bands is sensitive to ammonia treatment. This strongly indicates that it is α2M but to confirm it N-terminal sequencing of the 85 kDa band was done while no sequence could be obtained from the >212 kDa band. The N-terminus of the 85 kDa band was SVSGKKPQYMVLV and as can be seen in figure 5.8 it corresponds to the N-terminus of the α2M subunit. Since the bait region is situated between amino acid 666-704 (sequence in red, figure 5.8) in the α2M subunit the 85 kDa band must be the first 666-704 amino acids depending on where the actual cleavage of the bait region occurs. The >212 kDa product is harder to identify since upon refolding, after the cleavage of a bait region in one of the subunits, the thiolester bonds of all the four subunits become exposed. These can then form covalent bonds with “bystander” proteins including other α2M subunits and the protease (Chu et al., 1991; Harpel and Brower, 1983). The band does appear sharp i.e. most likely only one species makes up the band, and therefore it is possibly the C-terminus of the cleaved α2M subunit and a non-cleaved subunit due to the migration distance in the SDS-PAGE. The results show that I was unable to detect any major novel substrates by this approach but confirmed α2M as being an inhibitor (pseudosubstrate) of MASP1. 
Since the proteomic approach did not yield any novel candidates as substrates for MASP1 I turned my attention towards factor XIII and fibrinogen. I wanted to further investigate and compare the activation of factor XIII and fibrinogen by MASP1 to that of thrombin, since it is the main enzyme that catalyzes the activation of these proteins during blood clotting. 
The activation of factor XIII was investigated using purified factor XIII and rMASP1. This would give direct evidence whether or not rMASP1, like thrombin, is capable of activating factor XIII. In figure 5.9 the activation of factor XIII by thrombin (A) or rMASP1 (B) is shown. Factor XIII was incubated with either thrombin or rMASP1 and samples were taken at different time points. These samples were analyzed on SDS-PAGE to monitor the activation of factor XIII by the appearance of the activated A-chain (A’-chain). As can be observed in figure 5.9A at 0 min two bands are visible: the B-chain and the A-chain of which the top band is the B-chain. As time progresses more and more of the A-chain is converted into the A’-chain and at 16 minutes of incubation only 50% of the A-chain remains. When factor XIII is incubated with rMASP1 (figure 5.9B) the same trend is observed. At the early time points only the   A- and B-chains are visible but as time progresses a larger and larger proportion of the  A-chain has been converted into the A’-chain. Even though the size of the A’-chains produced by thrombin and rMASP1 appear to be identical, the N-terminus of the rMASP1 generated A’-chain was sequenced to confirm if the cleavage sites were identical. In figure 5.10A the primary sequence of the factor XIII A-chain is shown and the activation peptide, which is removed by thrombin is shown in red. Figure 5.10B shows a SDS-PAGE analysis of factor XIII incubated with and without 32 μg/ml rMASP1 for 5 hours at 37oC and the arrow indicates the band that was subjected to N-terminal sequencing. Figure 5.10C shows the 5 amino acids (GVNLQ) that make up the new A-chain N-terminus, and this shows that rMASP1 does have the same cleavage site as thrombin in the factor XIII A-chain. 
Since thrombin is the enzyme normally responsible for activating factor XIII, I wanted to compare the activation potential of factor XIII by rMASP1 to that of thrombin. In the experiment in figure 5.9B there is an approximate substrate to enzyme molar ratio of 1:1 and the cleavage of factor XIII by rMASP1 was quantified by densitometry. These measurements showed that rMASP1 activates between 28 and 36 ng factor XIII/μg rMASP1/min. To compare the cleavage rate to that of thrombin, figure 5.9A was examined for an incubation time that gave the same relative ratio between the A- and A’-chain as is observed when incubated with rMASP1. Factor XIII incubated with 1 U/ml thrombin for 2, 4 and 8 minutes has very similar A/A’ ratio to factor XIII incubated with 10 μg/ml rMASP1 for 80, 160 and 320 minutes. This indicates that 1 unit of thrombin is about 40 times as active as 10 μg of rMASP1, i.e. the activation potential of 1 unit of thrombin corresponds to that of 400 μg rMASP1. 
However, this observation is not very informative, since comparing two different units, a unit of thrombin and a μg of rMASP1, is not easy. Unfortunately it is very difficult to convert thrombin units into mass (μg) since the activity (i.e. the amount of active thrombin) compared to the total protein varies in different commercial preparations. In vivo the activation of prothrombin is carried out by the prothrombinase complex, which is composed of the activated coagulation factors factor Va and factor Xa as well as Ca2+ ions and phospholipids (Esmon and Jackson, 1974a; Esmon and Jackson, 1974b; Esmon et al., 1974a; Esmon et al., 1974b; Kirchhofer and Nemerson, 1996; Owen et al., 1974; Rosing et al., 1980). Since prothrombin can be cleaved by thrombin, so that it cannot be activated by factor Xa or the prothrombinase complex, the amount of active thrombin in commercial batches is always tested and the amount of active thrombin quantified in units (Esmon et al., 1974a). One unit of thrombin is defined as the amount of enzyme required to cleave   1 mg of test protein in a standard digest buffer at 20oC for 16 hours. 
To attempt to evaluate the amount of active thrombin in the thrombin batch I ran dilution series of rMASP1 and thrombin on SDS-PAGE. This enables me to judge if a weight wise comparison of thrombin and rMASP1 is possible by judging the amount of serine protease domain of thrombin per μg protein compared to rMASP1. By doing so the seemingly active proportion of protease in both proteases could be factored into the calculations. The gel can be seen in figure 5.11. Little if any non-active thrombin can be seen and therefore 1 μg of total protein corresponds roughly to 1 μg thrombin. The preparation of thrombin contained 2000 thrombin units/mg i.e. 1 unit of thrombin corresponds to 0.5 μg thrombin. Since I previously estimated that the activation potential of 1 unit of thrombin corresponds to that of 400 μg rMASP1 the activation potential of rMASP1 can be estimated to be roughly 800-fold less than thrombin. The molecular mass of the SP domain of thrombin, is 31 kDa and the whole protein is     37 kDa while the the molecular mass of the rMASP1 SP domain is 29 kDa and the total mass of rMASP1 is 45 kDa. Therefore the SP domain of thrombin is ≈ 84% of the weight while in rMASP1 it is ≈ 64%. If this is taken into account the activation potential of the thrombin SP domain is about 600 times greater for activating factor XIII than the rMASP1 SP domain.

It has been demonstrated that MASP1 is capable of cleaving fibrinogen (Hajela et al., 2002). To investigate this, fibrinogen was incubated with a 2-fold dilution series of thrombin or rMASP1 and subsequently analyzed on SDS-PAGE. This is shown in figure 5.12A and 5.12B, respectively. In figure 5.12A, in the negative control without thrombin the α-, β- and γ-chains can be observed while only the β- and γ2-chains can be detected in the ones to which thrombin had been added. The β-chain is shifted suggesting that it has been cleaved by the thrombin and the fibrinopeptide B has been released. The γ2-chain is found instead of the single γ-chain but this is not surprising since most commercial fibrinogen preparations contain factor XIII and therefore cross-linking of the fibrinogen will occur when incubated with factor XIII activating proteases. The missing α-chain can also be explained by the action of factor XIIIa because when the α-chain is cross-linked it forms an oligomer of α-chains (αn) instead of a dimer as is the case with the γ-chain. The αn can form complexes so big that they cannot enter the gel and therefore would appear to be missing. An indication that polymerization is the reason for the “missing” α-chain is that protein can be detected at the bottom of the loading wells. This however appears to diminish at higher thrombin concentrations. A weak band between 158 and 212 kDa may also be an      α-chain oligomer. In figure 5.12B the fibrinogen is incubated with a dilution series of rMASP1 and a similar cleavage of fibrinogen is observed but the reaction does not go to completion even at the highest rMASP1 concentration. The α-, β- and γ-chains can all be detected in the samples incubated with 4 μg/ml rMASP1 or less, and the formation of the γ2-chain still has not reached the end point at 32 μg/ml. The biggest difference is that the α-chain appears to become degraded to some extent since it splits into three bands. Some of the α-chain does also appear to become cross-linked into the αn oligomers since protein can be detected at the bottom of the loading wells when silver stained (not shown). It is not possible to judge how big a proportion of the       α-chains are degraded compared to cross-linked. Additionally it appears as if the       β-chain is cleaved by rMASP1 to form the activated β-chain that releases the fibrinopeptide B. Figure 5.13A shows the primary amino acid sequence of fibrinogen β-chain with the amino acids within the fibrinopeptide B shown in red. To confirm whether or not rMASP1 cleaves at the same site as thrombin, fibrinogen was incubated with and without 32 μg/ml rMASP1 for 16 hours at 37oC and run on SDS-PAGE (figures 5.13B). The arrow indicates the band which was sequenced and in figure 5.13C the six amino acids (GHRPLD) that were identified as the new             N-terminus of the β-chain are shown. When compared to the N-terminus after removal of fibrinopeptide B by thrombin it is confirmed that rMASP1 and thrombin have identical β-chain cleavage sites and it suggests that rMASP1 also mediates the release of fibrinopeptide B.
By incubating fibrinogen with thrombin and rMASP1 similarities between the two enzymes in regard to cleavage of fibrinogen can be observed. The main problem is that due to factor XIIIa cross-linking the long incubation time allows the fibrin to be so extensively cross-linked that most of the fibrin chains cannot even enter the gel. Since factor XIIIa utilizes a cysteine residue with a sulfhydryl group to catalyze the cross-linking of the α- and γ-chains in fibrin the enzyme could be efficiently inhibited if IAM was added to the reaction mixture (Bereczky et al., 2003).
In figure 5.14 the results from an identical experiment to that in figure 5.12, but in the presence of IAM are shown. In figure 5.14A an unusual degradation pattern of fibrinogen when it is exposed to a high concentrations of thrombin is observed. Initially the α- and β-chains are activated as expected but secondary cleavage of the  α-chain occurs as well. The quantity of the degradation products is dependent on the amount of thrombin added. The first degradation fragment is at the highest intensity at 2.5 U/ml thrombin and at higher thrombin concentrations the intensity of the band is diminished and some of it might be converted into the faint bands visible just above the β-chain and below the γ-chain. The secondary degradation of the α-chain might explain why less αn protein was visible at the bottom of the wells at the higher concentrations of thrombin in figure 5.12A. In figure 5.14B the same experiment was carried out with rMASP1 instead of thrombin. As before, the minor shift of the         β-chain can be observed at the highest concentrations of rMASP1 while the γ-chain is unchanged throughout the whole experiment. The α-chain is degraded by rMASP1 and is completely gone at 32 μg/ml rMASP1. No definite shift can be observed to indicated release of the fibrinopeptide A and the degradation by rMASP1 seems different from that by thrombin since the band pattern is different. When figure 5.12B and 5.14B are compared it can be observed that only a small proportion of the           α-chains become cross-linked when incubated with rMASP1. Therefore it is unlikely that cross-linking contributes greatly to the “disappearance” of the α-chain, since the extent of loss of α-chain is similar whether IAM is present or not. Some of the rMASP1 dependent degradation products can be observed as smaller protein species running beneath the γ-chains while some also co-run with the β- and γ-chains. 
To attempt to detect the fibrinopeptides directly I decided to use reverse-phase HPLC technology and mass spectrometry. Fibrinogen was incubated alone, with thrombin for either 16 hours or 5 minutes and with rMASP1 for 16 hours to be able to compare the peptide generation pattern. In figure 5.15A the HPLC profiles for the samples mentioned above plus an additional experiment in which pure fibrinopeptides A and B were incubated with thrombin for 16 hours are shown. The red and blue dotted lines indicate the elution point of fibrinopeptides A and B, respectively. In figure 5.15B the molecular masses estimated using mass spectrometry of the peptides in numbered peaks from figure 5.15A are shown. The fibrinopeptides A and B were identified based on a molecular mass of 1536 and 1552 Da, respectively. As can be observed fibrinogen alone gives a complex (low intensity) mixture of peptides. Cleavage of fibrinogen by rMASP1 produces further peptides (e.g. peaks 4, 11 and 12), which are higher than this background but the position does not correspond to that of fibrinopeptides A and B. Incubation with thrombin (16 hours) generates a large peak of fibrinopeptide A (peak 14), and fibrinopeptide B is also detectable (peak 15) though at a much lower level than fibrinopeptide A. Other products (peaks 13 and 16) are clearly visible. A short incubation with thrombin (5 minutes) produces clear peaks of fibrinopeptide A and B (peaks 14 and 20), but also other products (peaks 17 and 19). Using the PAWS program (Genomic Solutions Inc, Huntingdon, UK) the masses of the detected peptides from figure 5.15B were used to try to identify the additional thrombin and rMASP1 cleavage sites. Unfortunately this approach did not yield any useful information.

When fibrinogen is incubated with thrombin for 5 min the amount of fibrinopeptide B (peak 20) is at an approximate 1:1 ratio with fibrinopeptide A (peak 18). When incubated for 16 hours this ratio shifts to 20:1 in favor of the fibrinopeptide A (peak 14) compared to fibrinopeptide B (peak 15). Two possible explanations for this was that further degradation of the fibrinopeptide B occurs by thrombin or that factor XIIIa cross-links it to the clot. In the standard (top panel) the fibrinopeptides were incubated overnight in the presence of thrombin, but as can be observed the approximate ratio between the two peaks is still 4:1, indicating that thrombin degradation of fibrinopeptide B does not explain this observation. The second possibility is that fibrinopeptide B during the incubation becomes cross-linked to the fibrin clot by factor XIIIa through its N-terminal glutamine residue and is removed during the filtration step. To investigate this an additional experiment was set up in which fibrinogen was incubated with thrombin or rMASP1 with or without IAM to prevent the factor XIIIa dependent cross-linking. The HPLC elution profile from this experiment can be seen in figure 5.16. The two top panels show the peptide generation after incubation for 16 hours with thrombin, with or without IAM. The same is shown for rMASP1 in the bottom two panels. The red and blue dotted lines indicate the elution point of fibrinopeptides A and B, respectively. As can be observed there is little or no difference between the amount of fibrinopeptide B found when incubated with or without IAM, indicating that the factor XIIIa mediated cross-linking is not involved in the loss of fibrinopeptide B. Based on these experiments I am unable to elucidate the fate of fibrinopeptide B under the described experimental conditions. The results suggest that there might be a contaminant protease (e.g. plasmin) in the fibrinogen preparation that upon long term incubation is capable of degrading fibrinopeptide B.
The experiments presented here have led to the discovery of MASP1 cleavage sites in different proteins. In table 5.1 the activity of rMASP1 towards different tripeptide-AMC substrates is shown while table 5.2 shows compiled data regarding the known protein substrates and their MASP1 cleavage sites. The sequence Leu-Gly-Arg-AMC (LGR-AMC) is very poorly cleaved by MASP1, but the same LGR sequence is present in C2, which has been reported to be cleaved at a low rate by MASP1.       VPR-AMC is one of the better synthetic substrates for MASP1, and it represents the cleavage site in factor XIII. 
5.4 Discussion
The investigation into a major plasma protein substrate that I have presented here has to my knowledge never been attempted before. Unfortunately the only substrate detected was α2M, and its inhibitory effect on MASP1 has been reported previously (Ambrus et al., 2003). None of the previously reported substrates like fibrinogen, factor XIII (Hajela et al., 2002) and C2 (Matsushita et al., 2000) were detected and this illustrates the main weaknesses of this approach. Plasma is a highly complex medium containing hundreds of different proteins at different levels and even though I depleted the two most abundant (IgG and HSA) and fractionated the plasma twice the amount of individual protein species in each fraction is still large. Therefore for this approach to be efficient two requirements have to be fulfilled to enable detection. Firstly the protein has to be found in plasma at a relatively high concentration so that during silver staining it would appear early. Secondly the cleavage has to yield protein fragments of sufficient size difference to enable easy detection of the shifts of bands. Using another approach like 2D gel electrophoresis instead could have been useful since that would separate the proteins in another dimension and therefore possibly result in higher sensitivity. Because of the reproducibility issues it would require a lot of time and would also be rather costly if the 64 samples (32 fractions +/- rMASP1) and detection would still be dependent on the substrate being abundant enough to be visualized. The failure to detect substrates in plasma indicates that the target for MASP1 is either a low abundance plasma protein or possibly a cell-surface protein.
As mentioned above native MASP1 has been reported to be capable of activating fibrinogen (Hajela et al., 2002). These experiments were carried out in the presence of MASP3 since an anti-heavy chain antibody was used to purify the MASP1, so MASP3 may also have been present in the preparations. Since Hajela et al (2002) showed the cleavage could be inhibited by C1-inhibitor, and since MASP3 is not inhibited by C1-inhibitor (Zundel et al., 2004) the observation was deemed to be MASP1 dependent. These experiments showed that MASP1/3 was capable of mediating the formation of the αn-oligomer and the γ2 chain and mediating the release of the fibrinopeptides A and B (unpublished observations, Hajela K., MRC Immunuchemistry Unit). Previous experiments with fibrinogen showed that the rMASP1 mediates fibrin polymerization in a similar manner to thrombin (Presanis, 2004). When thrombin is incubated with fibrinogen cross-linking of fibrin i.e. the formation of the αn- and γ2-chains can be observed (figure 5.12A) as well as the release of the fibrinopeptides A and B (figure 5.14A). rMASP1 also mediates the formation of the γ2-chain and possibly also some αn-chain (figure 5.12B) as well as release of fibrinopeptide B (figure 5.13). The main difference is the cleavage rate and the degradation pattern of the α–chain. Both proteases cleave at additional sites in the fibrinogen α-chain during prolonged incubations (16 hours) but compared to thrombin rMASP1 does appear to be less specific i.e. cleaves at more sites. This could also be observed in both figures 5.14 and 5.15, since more peptides are generated in the presence of rMASP1 than thrombin. 

These observations in which native MASP1 and rMASP1 have been shown to be able to mediate fibrin polymerization indicate that the fibrin might serve as an effector mechanism of the immune system. In the horseshoe crab a fibrinogen homologue, coagulogen has been observed as an important factor participating in the elimination of invading microorganisms (Osaki and Kawabata, 2004). Unfortunately the involvement of fibrinogen in the mammalian immune response is largely unknown but fibrin polymerization in the peritoneal cavity has been shown to decrease the virulence of E. coli (Ahrenholz and Simmons, 1980). Similar observations were done with Listeria monocytogenes  and S. aureus (Flick et al., 2004; Mullarky et al., 2005). Another important aspect of fibrin polymerization is the release of the fibrinopeptides A and B. Of these, fibrinopeptide B, which is shown here to be released upon activation by rMASP1, has been shown to be a potent chemotactic factor for neutrophils, fibroblasts and monocytes (Kay et al., 1974; Richardson et al., 1976; Senior et al., 1986). 
Recently two other studies suggesting cross-talk between the coagulation system and the complement system have been published one of which reported                thrombin-dependent formation of C5a (Huber-Lang et al., 2006) while the other demonstrated that MASP2 could activate prothrombin and mediate fibrin deposition on S. aureus-derivatized beads (Krarup et al., 2007). These observations show that the complement system and the coagulation cascade are inter-connected at several key points. Possibly as in some invertebrates, the coagulation system in mammals may have a role in preventing the spread of an infection from the site of injury. It is also possible that the complement system utilizes coagulation components to mount an even more powerful response to an infection, through the release of fibrinopeptide B and aggregation of the pathogens through factor XIIIa mediated cross-linking of fibrin to the surface of the pathogens. 
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