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Introduction – Background information 

The purpose of the immune system is standing guard over the healthy functioning of 

the organism. An enormous army protects against the perpetual attacks of pathogens and 

removes the runaway cancerous or apoptotic cells that endanger the other, healthy cells of the 

body.

The reaction of the immune system is either adaptive, based on antibodies, or is 

innate. Antibodies recognize antigens specifically as intruders and launch cell- or molecular 

level effectors process to destroy them. The effectiveness of the intervention, however, is 

often determined by its speed. 

The formation of antibodies in large enough numbers may take weeks, during which 

time the pathogens can effect great damage. By curbing pathogens immediately innate 

immune responses make time for the development of an effective adaptive immune response. 

Among these innate natural responses are non-antigen-specific compounds causing 

inflammation or fever, pattern-recognizing receptors and the complement system. The latter 

of these is a cascade including at least 35 proteins (enzymes, receptors, other types of 

proteins) that is able to identify, mark and destroy pathogens or the body’s self cells that have 

turned hostile, independent of antibodies, based on the molecular pattern differing from the 

normal. 

The three paths of activation, classical, lectin and the alternative paths, differ 

primarily in their initiation signs. The identification is processed by large protein complexes, 

while it is the serine proteases bound to the proteins that proteolitically cleave the sequential 

components of the cascade. 

The Complement Group of the Institute of Enzimology led by Peter Gal and Peter 

Zavodszky has reached significant achievements in the research of the structure and function 

of the serine proteases of the classical and the lectin pathways. The enzymes of the lectin 

pathway are the mannose-binding lectin-associated serine proteases, the MASP-1, -2 and -3. 

Of these I participated in the study of the MASP-2, the serine protease capable of activating 

the cascade. 

The Complement Group identified the crystal structure of the active enzyme a few 

years ago, while that of the single-stranded zymogen form was identified while I was 

working in the Group. The MASP-2 has the unique capacity of self-activation: in its 
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homodimer the zymogens transform each other into enzymes. The goal of my research was 

the molecular study of the self-activation process, to yield a general understanding of the 

functioning of the physiologically self-activating serine proteases through the single-stranded

proenzyme form of the MASP-2. We are well aware that the symptoms and their gravity of 

numerous illnesses are due to ill-timed complement activation. The effect of the lectin 

pathway has been identified among others in connection with rheumatoid arthritis, stroke, 

heart attack and ischemic reperfusion during organ transplants. The MASP-2’s central role of 

activating the lectin pathway means that by inhibiting it the entire pathway can be blocked. 

To date, no small-molecular inhibitor has been known that could block one complement 

pathway while leaving the other two intact. 

The Department of Biochemistry at Eötvös Loránd University, Budapest, under the 

leadership of Laszlo Graf has long been known for the study of serine proteases, specifically 

of trypsin. The new method of phage display for directed protein-evolutionary methods has 

been introduced by Gabor Pal with great success at the Department, and indeed in Hungary. 

With the support of this method and experience I have started my research designing lectin-

pathway specific inhibitors targeting MASP-2’s, and mapping the details of the lectin 

pathway activation and the specific role of MASP-1 and -2. 

Objectives

The objectives I proposed for my PhD research are thus the following: 

Reveal the molecular-structural background behind the autoactivation mechanism of 
MASP-2

Propose a general mechanism describing the catalytic activity of physiologically self-
activating serine protease zymogens based on the information obtained from MASP-2 

Develop selective, small-molecule MASP-2 inhibitors which are able to inhibit the 
lectin pathway while leaving the two other pathways intact, using phage display 

Develop a MASP-1 inhibitor to observe the contribution of MASP-1 to the lectin 
pathway activation 

Characterize the selectivity of the obtained inhibitors  through the use of other serine 
proteases 
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Applied methods 

Expression of recombinant MASP-2 fragments 

MASP-2 mutants were created using general laboratory practices to examine the 

background of autoactivation. Pointmutations were introduced into the DNA of wild type 

MASP-2 by site-directed mutagenesis, protein fragments were expressed E. coli cells 

transformed by plazmids. Inclusion bodies were renatured under specific conditions and 

purified using ionexchange chromatography. 

Characterizing the activity of MASP-2  

C2 and C4 proteins, the natural substrates of MASP-2, were purified from human 

serum by ionexchange chromatography. In the case of C2 and C4 cleavage I determined the 

kinetic parameters (kcat/KM) of MASP-2 mutants on SDS-PAGE gels. The enzyme was co-

incubated with the substrate under physiological conditions, and I took samples at a number 

of time intervals. The amount of uncleaved substrate was visualized on gel and determined by 

densitometry. The diminution was plotted against time and the constants were estimated by 

unbiased, nonlinear regression methods. The activity of mutants was also tested on a 

synthetic peptide substrate, Z-Gly-Arg-S-Bzl, in enzymatic assay under physiological 

conditions. The appearance of the product was followed by spectrophotometry.

Production of the inhibitors – phage display 

I created a new phagemid vector using recombinant DNA techniques which displayed 

the library member peptide monovalently and fused to the major coat protein pVIII. The gene 

library of SFTI-variants was constructed by PCR method with a degenerated and a vector-

specific oligonucleotid. E. coli cells were transformed with phagemid vector by 

electroporation yielding a library of phage-peptide clones on the order of a billion. The 

library was selected on the target proteins immobilized on ELISA plates according to the 

principles of affinity chromatography. Individual clones were identified through DNA 

sequencing. The amino acid distribution in each position was established by sequence logos 

which were generated by the online application WebLogo.

Characterization of the inhibitory peptides 

To determine the inhibitory constant (KI) the enzyme was co-incubated with serial 

dilutions of the inhibitor. Residual enzyme activity was measured spectophotometrically on 
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Z-Lys-S-Bzl substrate in the case of trypsin and MASPs, and on Z-Gly-Pro-Arg-S-Bzl

substrate in the case of thrombin.  

The effect of the inhibitors expressed on the complement system was tested in ELISA 

assay determining IC50 values. WiELISA kit (EuroDiagnostica) was used to measure 

separately the three different activation routes. Blood serum samples were incubated with the 

provided buffers leaving only one activation pathway active; the others were blocked. Wells 

were coated with the initiating compounds of the tested pathway (mannose in the case of 

lectin pathway). Terminal complement component was spectrophotometrically detected using 

specific antibody. Another ELISA assay was carried out to follow the deposition of early 

complement component (C3 and C4 proteins). Inhibitors were incubated with human serum 

and anti-C3 or anti-C4 antibodies were used to detect the product in spectrophotometer. 

In blood coagulation assay we applied standard, fully automated methods to measure 

the changes in blood coagulation time in the presence of inhibitors.

Results and discussions 

1. I successfully managed to produce the recombinant, wild type MASP-2 as a single-

chain zymogen. I proved that under physiological conditions, zymogen MASP-2 

autoactivates, namely changes to double-chain, active form with concentration dependent 

velocity.

2. To study the features of zymogen MASP-2, I used a stable, single-chain mutant of 

MASP-2; moreover its crystal structure was solved by our group recently. This MASP-2 

mutant was unable to self-activate, since the activation scissile bond was transformed 

(R444Q). Crystal structure of the single-chain MASP-2 showed a typical, trypsinogen-like, 

inactive zymogen, which was further reinforced by my measurements since no enzymatic 

activity was detectable on synthetic peptide substrates.

3. Interaction between zymogen molecules in the initiating step is required for 

autoactivation. My experiments showed that the single-chain mutant (R444Q) unable to 

autoactivate recognized as substrate and cleaved another zymogen MASP-2 mutant (S633A), 

which was also single-chain but it contained the scissile bond. In the presence of single-chain 

zymogen the activation of wild type MASP-2 accelerated which also proved the interaction 

between zymogen molecules.  
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4. I have discovered that the single-chain, zymogen form of MASP-2 which was 

inactive on small peptide substrates, was able to effectively cleave its large natural protein 

substrates, C2 and C4 proteins. The value of kcat/KM constant was only one order of 

magnitude less than that of the wild type enzyme. According to my results, under the impact 

of large protein substrates, which can be another zymogen MASP-2, or C2 and C4 proteins, 

zymogen MASP-2 in inactive conformational state reaches an active-like conformation and 

becomes able to express enzymatic activity. The same phenomenon can not be seen if 

zymogen MASP-2 meets small size peptides. In the presence of peptide substrates the 

transition between the two conformational states can not occur. Hence I have made an 

extension in the concept of zymogenity used in the literature. Foremost my experiments 

demonstrated that the zymogenity of an enzyme depends on its substrates used in the 

measurement, therefore the value of zymogenity must be defined in the case of each 

substrate. MASP-2 possesses high zymogenity on peptides compared to other serine 

proteases, while on its protein substrates its zymogenity is rather low.  

5. I also searched for an answer for how the single-chain form of MASP-2 becomes 

capable of gaining catalytic activity. The elimination of CCP domains which have a role of 

binding the substrate and pointmutations proved that expanded binding surfaces are required 

for the effective interaction. The crystal structure of zymogen revealed several surface loops 

compared to the wild type enzyme which are able to move. The increased flexibility of the 

zymogen molecule and also the extended contact surface with the interacting protein partner 

together result in a conformational change which pushes the inactive zymogen into an active-

like state. It may be generally true that serine proteases which autoactivate under 

physiological conditions have to show great inner movements. The zymogen substrate 

interaction can induce and/or stabilize the transiently active conformation of the single-chain 

form.  To conclude these observations we proposed a model about the possible mechanism of 

autoactivation process (Figure 1.). The main concept is that one zymogen molecule serves as 

a substrate, while the other molecule acts as an “enzyme”.  The interaction between the 

zymogen molecules in their complex induces an active-like conformation, so the “enzyme” 

can cleave the substrate, the other zymogen. The product, i.e. an active enzyme, is released 

while the other molecule regains its inactive conformation. The active enzyme then cleaves 

the former zymogen. 
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Figure 1. 

The mechanism of 
autoactivation. Blue colour 
indicates the zymogenic 
conformation, orange 
means the active-like 
conformation, while pink 
stands for the active 
conformation of MASP-2 
serine protease domain. 

6. Developing inhibitors against MASP enzymes I used directed evolutionary method, 

known as phage display. Taking into account the structural and enzymatic features of the 

MASP enzymes, the most effective and smallest known natural peptide inhibitor, the 

sunflower trypsin inhibitor (SFTI) was used as scaffold. I produced a DNA library, in which 

the members coded 14 amino acid long peptides. SFTI variants were totally randomized at 

six positions while only lysine or arginine was allowed at the P1 position. The DNA library 

was introduced into my newly constructed phagemid vector; the expressed phage-peptide 

library contained 1,2 x 109 clones. Library members were selected through their binding 

capacity to MASP-1 and MASP-2 enzymes.  

7. I examined the sequences and selectivity of the peptide inhibitors selected on 

MASP-1 and MASP-2 target proteins from the rounds of phage display. I observed that 

clones obtained from MASP-2 fell into two groups: clones belonging to the first group 

recognize only MASP-2, however, members of the second group bind to both MASP 

enzymes. In contrast, MASP-1 selected clones all recognized MASP-2 as well, no MASP-1-

selective clone was identified. Thus, sequences were divided into two functionally distinct 

groups: selective clones were MASP-2 specific; while the nonselective group contained the 

inhibitor population which recognized both MASP enzymes. The latter included all clones 

selected from MASP-1, and also the nonselective ones from MASP-2 selected variants.
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8. Inhibitor peptides were synthesized among which the consensus sequence of the 

nonselective group (SFMI-1) and the consensus sequence of the selective group (SFMI-2) 

turned out to be the most promising ones based on their inhibitory capacities. They were 

further investigated in enzymatic assay; both of them had a KI in the nanomolar range 

measured on their target enzymes. SFMI-1 also inhibits MASP-2 with great effectiveness. 

However, inhibition of thrombin and trypsin proved to be negligible in the same assay. 

Separated measurements of the three activation routes of complement proved that I 

successfully developed the first lectin pathway selective inhibitors since SFMI-1 and SFMI-2 

were able to block totally the activation of lectin pathway while the enzymes of the classical 

and alternative routes stayed intact (Fig. 2.).  IC50 values measured in normal human serum 

in ELISA assay fell into micromolar range which is promising regarding practical usability. 

Blood coagulation tests showed that selective SFMI-2 has no effect on the proteases of 

coagulation cascade even in high concentration. The presence of SFMI-1 increased blood 

coagulation times which were probably due to the inhibition of thrombin.    

Fig. 2. The effect of SFMI inhibitors on the three activation routes of complement in WiELISA assay. 

9. Specific inhibitors help clarify whether the MASP-1 enzyme exhibits any impact 

on the activation of the lectin pathway. Hence I conducted deposition assay in which 

cleavage products of the C3 and C4 proteins from human serum in the presence of the 

inhibitors were detected. My experiments demonstrated that if the activation of MASP-2 

occurred previously (activated serum), the selective MASP-2 inhibitor SFMI-2 showed 

higher affinity than the nonselective SFMI-1 which is a weaker MASP-2 inhibitor. These 

results were in good accordance with the respective KI values. However in nonactivated 

serum SFMI-1, which blocks the effect of MASP-1, inhibited the deposition with much 
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higher rate than SFMI-2, which only inhibits MASP-2. These findings unambiguously prove 

that MASP-1 contributes significantly to the initiation of the lectin pathway through the 

activation of MASP-2.  

The results of my PhD research, the first pathway-specific serine protease inhibitors 

and their derivatives can be valuable tools for basic research aiming to explore the detailed 

mechanism of complement activation in different physiological situations such as ischemic 

reperfusion injuries (infarction, stroke). Furthermore, they can serve as lead molecules for 

subsequent drug development processes. 
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