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Introduction 

Proteins are the essential components of biochemical processes in living organisms. Their 

structures are primarily determined by their amino acid sequence. The balance of structural 

flexibility and stability which ensure the functionality of proteins and protein complexes is a 

well studied subject in modern biochemistry. There are numerous attempts in applied 

biotechnology to increase the stability of industrial proteins, and to modify/enhance the 

biologically relevant molecular interactions. 

Serine proteases are the most abundant and functionally diverse group of proteolytic 

enzymes. Besides their involvement in breakdown of proteins they also regulate a number of 

biological processes (e.g. blood clotting, immune responses, digestion, signal transduction) by 

highly specific cleavages. Their activity could be harmful, therefore it has to be controlled by 

several mechanisms. One of them is the inhibition by specific protease inhibitors. Serine 

proteases and their natural proteinaceous inhibitors are important targets of physiological 

studies. Besides their complexes are the most intensively studied models for protein-protein 

interactions. Leading by Professor László Gráf, our reasearch group have studied the specific 

interactions between serine proteases and their inhibitors since the 80’. The aim of the former 

studies was to determine whether, how molecular flexibility affects the catalytic mechanisms 

and substrate- or inhibitor specificity. During these studies several exotic serine proteases and 

inhibitors were investigated. A highlight of these reseaches were the structural and functional 

analysis of protease inhibitors isolated from a desert locust (Schistocerca gregaria). Krisztián 

Fodor in his PhD work determined the 3D structure of SGTI (Schistocerca gregaria Trypsin 

Inhibitor) in complex with CFT (Crayfish Trypsin), a natural crustacean trypsin isolated from 

narrow-fingerd crayfish (Pontastacus leptodactylus). This was the first X-ray structure of an 

arthropod trypsin and the first atomic resolution structure of a trpysin-protein inhibitor complex. 

Investigation of this structure revealed a series of correlations between the catalytic mechanism 

of serine proteases, and the structural properties of substrates and inhibitors. Based on these 

studies we examined the inhibitory effect of bovine pancreatic trypsin inhibitor (BPTI) on CFT. 

Functional studies revealed that the inhibition coefficient of this interaction (Ki ~ 10-13) is in 

the same order of magnitude as in the case of trypsin isolated from bovine pancreas. A more 

important and curious observation was that the complex formed between CFT and BPTI were 

extremely stable, and resistant against SDS-treatment and boiling for a few minutes. Although 

this complex do not have a biological relevance, studying such highly stable but physiologically 

irrelevant protein-protein interactions could be advantageous for applied biotechnology. 
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Therefore the first aim of my PhD study was to explore the structural features responsible for 

this extreme stability.  

Another intresting project of our research group - in cooperation with the Nelson Mandela 

Metropolitan University (Porth Elizabeth) – was the structural and functional analysis of plant 

protease inhibitors isolated from the indigenous South African Mimosoideae species. It is 

suggested that the most important roles of these proteins that they participate in storage of 

nutrients and protection of plants against herbivores through the inhibition of digestive 

enzymes. The currently known inhibitors isolated from leguminous seeds are included mainly 

in the canonical Kunitz-P (MEROPS ID: I.03) and in the Bowman-Birk (MEROPS ID: I.12) 

families. Common feature of these proteins that they bind to their target enzymes through one 

(or more) exposed, convex and structurally rigid binding loop. The inhibition mechanism 

resembles Fisher’s „lock-and-key” mechanism because of the structural complementarity 

between the binding loop of the inhibitor and the active site of the protease. The reactive P1-

P1’ peptide bond located in the most exposed region of the binding loop can be selectively 

hydrolized by the enzyme in a reversible process. The specificity of the interaction is mainly 

determined by P1 residue of the inhibitor. The second object of my PhD work is the protease 

inhibitor isolated from the milled powder of Acacia karroo seeds. The inhibitor named AkCI/1 

(Acacia karroo Chymotrypsin Inhibitor) inhibits trypsin and chymotrypsin strongly and by 

almost identical affinity. Several members of the Kunitz-P displays similar dual specificity but 

in these cases the difference between the equilibrium inhibitory constants for the two proteases 

were at least one order of magnitude. The secondary goal of my PhD thesis is to explore the 

uncommonly effective inhibitory mechanism of AkCI/1. 
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Aims 

My PhD work consists of two subprojects. My primary goal was to reveal the 

interrelations between flexibility, stability and function of proteins. To achieve this goal, the 

specific objectives were: 

 To characterize and compare the thermodynamic and chemical stabilities of CFT, 

bovine pancreatic trypsin and their complexes with bovine pancreatic trypsin 

inhibitor 

 To determine the 3D structure of the CFT-BPTI complex by X-ray crystallography 

 To reveal new structural characteristics and interactions underlying the extreme 

thermal and chemical stability by comparison of several known trypsin-inhibitor 

complexes. 

 To determine the structure of AkCI/1 and compare it with known inhibitors 

isolated from leguminous plants. 

 To characterize the inhibitory mechanism of AkCI/1 by the identification of the 

binding loop(s) and reactive peptide bond(s). 

 To explore the inhibitory mechanism of AkCI/1 through identification of the 

binding loop(s) and the reactive peptide bond(s) 
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Methods 

Isolation of proteins from natural sources 

CFT was prepared from the cardia fluid of narrow-fingered crayfishes by affinity- 

and ion exchange chromatography. AkCI/1 was prepared by making a crude extract 

from Acacia karroo seeds followed by affinity chromatography and reversed-phase 

HPLC. 

Investigation of resistance against an anionic detergent and reducing conditions 

Reducing and non-reducing SDS-PAGE were used to compare the effects of SDS 

on the crustacean and vertebrate trypsins. 

Thermal denaturation studies 

Thermal denaturation profiles of the investigated proteins were analysed by 

differential scanning calorimetry. 

Following the urea-induced unfolding processes 

The urea-induced structural changes of trypsins and trypsin-inhibitor complexes 

were studied by transverse urea gradient gelelectrophoresis, fluorescence 

spectroscopy and size-exclusion chromatography. 

Strucutral studies 

We determined the 3D structure of the CFT-BPTI complex using hanging drop 

vapour diffusion technique followed by X-ray crystallography. 

Determination of the amino acid sequence 

N-terminal Edman degradation was applied to determine the primary structure of 

the purified AkCI/1 inhibitor. 

Kinetic assays 

The equilibrium inhibitory constants (Ki) of the AkCI/1-trypsin and AkCI/1-

chymotrypsin reactions were measured by using synthetic substrates of the 

proteases. 

Determination of the P1-P1’ cleavage site  

Two slightly different limited proteolysis methods were applied to identify the 

reactive site(s) of AkCI/1. Besides we modeled the interactions of the inhibitor with 

serine proteases by using a synthetic peptide that mimics the reactive loop of the 

inhibitor. 
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Results and discussion 

Studies of the extremely stable CFT-BPTI complex 

Using gelelectrophoretic methods we compared the SDS-resistance of the intact and 

BPTI-complexed forms of CFT and bovine pancreatic trypsin. The arthropod trypsin showed 

resistance against treatment with the anionic detergent at room temperature, and its stability 

increased by the addition of BPTI (the newly formed complex remains stable after 15 minutes 

boiling in the SDS sample buffer). Based on this behaviour, it is suggested that the unfolding 

of CFT is kinetically controlled and the protease forms an extremely tight complex with BPTI. 

Unlike the crustacean enzyme, bovine trypsin showed no SDS-resistance even in its complexed 

form with BPTI. 

In the absence of the inhibitor the different melting profiles indicated that CFT has lower 

thermodynamic stability than bovine trypsin. Addition of BPTI increased melting temperatures 

of both trypsins but the inhibitor caused significantly higher increase in the case of CFT, 

indicating a stronger enzyme-inhibitor interaction. Surprisingly the thermodynamic stability of 

the complex formed between CFT and BPTI exceeded the formerly studied CFT-SGTI 

complex. In the case of the latter one a series of extended intermolecular interactions account 

for the strong and highly specific interaction between the enzyme and the inhibitor. 

The chemical mechanism of denaturation of a protein by SDS and by urea treatment are 

quite different. Therefore we also examined the urea-induced unfolding processes of proteins. 

The complex of CFT and BPTI showed no unfolding transition and retained its compact, native 

structure independently from the urea concentration. The results of the experiments carried out 

in the absence of the inhibitor suggested that the unfolding of CFT cannot be described by the 

well-known two-state model. Increase of the urea concentration (above 2 M) resulted in several, 

structurally different protein populations. Isolation and N-terminal sequence analysis of these 

compenents revealed that they are the autolysis fragments of the enzyme. These results suggest 

that a minor fraction of CFT molecules retain the autocatalytic activity even in higher urea 

concentration (9 M) and hydrolyze the unfolded conformers. 

We determined the X-ray structure of the CFT-BPTI complex and found some extended 

contacts compared to the structure of bovine trypsin-BPTI complex. However these contacts 

are insufficient to account for the stability difference between the two complexes. The former 

studies of our research group assumed that the strong interaction requires flexibility of the 

binding partners. Using B-factor analysis of four trypsin-inhibitor, we identified a region 
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between the residues 150 and 180 of CFT in complex with BPTI that has higher flexibility 

compared with the other homologous complexes. Our hypothesis is that the extreme stability 

of the complex requires the flexibility of these residues. In addition, variance analyses revealed 

that some local flexibility differences between the compared complexes depend on the binding 

inhibitor and the taxonomic origin of the trypsin. 

Structural and functional characterization of the AkCI/1 protease inhibitor 

We isolated two protease inhibitor components from the seeds of the South African tree, 

Acacia karrroo. The primary structure of the predominant component, named AkCI/1, was 

determined by protein sequencing. Based on the homology studies, AkCI/1 can be classified as 

a member of the Kunitz-P inhibitor family. 

Functional studies revealed that AkCI/1 strongly inhibits trypsin and chymotrypsin, 

moreover the measured equilibrium inhibitory constants of these reactions are in the same order 

of magnitude (Ki ~ 10-12 M). 

Complexation experiments showed that AkCI/1 binds trypsin and also chymotrypsin with 

a 1:1 stoichimetry, but cannot form a ternary complex in the presence of both proteases. These 

results suggested that AkCI/1 contains only one protease binding site or its trypsin and 

chymotrypsin binding sites sterically hindered by each other. 

Based on the primary structure, binding studies, and limited proteolyses experiments, we 

assume that AkCI/1 can be characterized by a special inhibitory mechanism. Unlike other 

known Kunitz-type and Bowman-Birk inhibitors, it has two overlapping protease binding 

sequences within one inhibitory loop. The P1-P1’ reactive sites for chymotrypsin and for trypsin 

are neighboring residues (67Tyr-68Arg and 68Arg-69Ile respectively). 

According to previous studies the interaction between a canonical inhibitor and its target 

protease requires a well definied, structurally stable binding loop. The process can be described 

by the classical „lock-and-key” model. However independent function of the Tyr-Arg and Arg-

Ile reactive sites are necessarily linked to different conformational states of the protease binding 

loop. Consequently binding of AkCI/1 to different proteases requires conformational selection 

and/or induced fit.  
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