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Introduction 

Serine proteases are the most abundant group of proteolytic enzymes. They were named 

after the common catalytic Ser residue, which has a key role in the hydrolysis of peptide bonds. 

Serine proteases play an essential part in several physiological processes; however, their 

proteolytic activity is potentially dangerous for their environment. Thus, their activity is strictly 

controlled on multiple levels. Serine proteases arose through convergent evolution. The 

majority of serine proteases belong to the S1 family of the PA clan, also comprising the most 

extensively studied model enzymes, trypsin, chymotrypsin and elastase. 

Proteinaceous substrates and substrate-like inhibitors bind to a cleft on the surface of the 

enzymes and their side chains interact with the enzymes’ binding pockets. According to the 

Schechter-Berger nomenclature, residues from the scissile bond towards the N-terminus are 

numbered starting at P1, while residues toward the C-terminus are numbered from P1’. The 

enzymes’ binding pockets are denoted with S and the number of the corresponding substrate or 

inhibitor side chain. The P1 side chain and the S1 pocket usually have the greatest effect on the 

specificity of the interaction, but the role of the other enzyme binding position can also be 

substantial.  

Trypsin, chymotrypsin and elastase, the model enzymes of serine proteases, are all digestive 

enzymes. Their specificity is quite broad compared to that of regulatory proteases and is mostly 

determined by the character of the S1 binding pocket. Due to Asp189 (chymotrypsinogen 

numbering) at the bottom of its S1 pocket, trypsin cleaves after basic amino acids, namely Arg 

and Lys. Chymotrypsin’s spacious and hydrophobic S1 pocket binds aromatic (Tyr, Phe, Trp) 

and large aliphatic (Leu, Met) side chains. The narrow S1 binding pocket of elastase prefers 

small aliphatic P1 residues (Ala, Val, Leu, Met, Ile, Gly, Thr and Ser). 

Interestingly, the archetype of elastases, elastase 1 (CELA1), is not produced by the human 

pancreas. Moreover, active protease is transcribed only from the gene of one of the two elastase 

2 isoforms, namely CELA2A. Due to gene duplication, elastase 3 has two isoforms, CELA3A 

and CELA3B. However, the extent to which their specificities had diverged upon evolution was 

not known. The lack of CELA1 in the pancreas raised the possibility that one of the CELA3 

isoforms might serve as a substitute for the missing CELA1 enzyme.  

In the first part of my PhD research, I aimed to answer these questions via directed evolution 

of SGPI-2 (Schistocerca gregaria protease inhibitor-2), a substrate-like serine protease 

inhibitor. 



Protease inhibitors play an outstanding role in the regulation of serine proteases. Canonical 

inhibitors are by far the most abundant group of serine protease inhibitors, comprising 18 

distinct families that arose via convergent evolution. A characteristic feature of this group is 

that the conformation of the protease-binding loop is always nearly the same, i.e. canonical. 

The rest of the inhibitor, called the inhibitor scaffold, is responsible for the stabilization of the 

canonical loop conformation. The inhibitors bind reversibly to the substrate-binding cleft of 

their cognate proteases through their canonical loop according to the standard mechanism.  

The interaction of serine proteases and their canonical inhibitors were studied in great detail 

by the Laskowski laboratory. Their research was mainly focused on ovomucoid inhibitor 

belonging to the Kazal inhibitor family. The group studied the energetic effects of P1 amino 

acid substitutions in different ovomucoid third domain orthologs. They found that analogous 

substitutions introduced in inhibitors belonging to the same family had nearly the same effect 

on the free energy of the interaction upon binding to the same protease. They termed this 

phenomenon intrascaffolding additivity. Moreover, analogous P1 substitutions had identical 

effects on enzyme binding for two unrelated inhibitors, OMTKY3 (turkey ovomucoid third 

domain) and eglin c as well. They named this phenomenon interscaffolding additivity.  

Based on the identical binding mechanism of canonical inhibitors and the exceptional 

conformational similarity of the canonical loop, they extended the interscaffolding additivity 

theory to all enzyme-contacting positions, all 20 natural amino acids and all canonical inhibitor 

families. In accordance, they also stated that the scaffold has no direct effect on the affinity of 

the inhibitors. They encountered several exceptions throughout their comparative studies, 

however, they did not draw any conclusions about the non-universal nature of their 

interscaffolding additivity model.  

Our laboratory conducted several studies leading to results that contradicted both the intra- as 

well as the interscaffolding additivity model. These led us to specifically test the 

interscaffolding additivity theory by studying the entire canonical binding loop region. These 

studies provide the second part of my doctoral research. 



Research goals  

My PhD research was focused on two main topics. First, I investigated the specificity of 

human CELA3 enzymes via directed evolution of a substrate-like inhibitor, SGPI-2. Next, I 

studied the role of the inhibitor scaffold in the interaction of serine proteases and canonical 

inhibitors. Both studies required the production of several inhibitor variants. For this purpose, 

I had to develop a protein expression system well-suited for the production of small disulfide-

bonded inhibitors in native conformation and large quantities. 

1. I aimed to answer the following questions concerning the specificity of human CELA3A 

enzymes:  

• What differences can be observed in the specificity of CELA3A and CELA3B?  

• Is it possible to develop selective CELA3A- or CELA3B-inhibitors?  

• Do the CELA3 enzymes have the same P1 side chain preference in the context of small 

peptide substrates and substrate-like canonical inhibitors?  

• Did the specificity profile of any of the CELA3 enzymes shift towards the specificity of 

CELA1, which is missing from the human pancreas, i.e. could any of the CELA3 

isoforms take over the role that CELA1 orthologs play in digestion?  

2. Regarding the role of the inhibitor scaffold in the enzyme-inhibitor interactions, I aimed to 

answer the following questions:  

• Is the optimal enzyme-binding canonical loop sequence the same or different on 

unrelated inhibitor scaffolds against model digestive proteases?  

• If the optimal binding loop sequence is scaffold-dependent, to what extent does 

swapping the evolved protease binding loops between scaffolds affect the affinity of the 

inhibitors?  

• How do these loop-exchanges affect the stability of the inhibitors?  

• What structural changes are brought about by these loop-exchanges?  

• Based on the obtained results, does the specificity of the inhibitors depend on their 

scaffolds, and if so, to what extent?   



Methods 

Phage display 

I studied the specificity of the elastase enzymes and the role of the inhibitor scaffold using 

phage display, a directed protein evolution method. The inhibitor-phage libraries contained 

variants of either SGPI-2 or SPINK1 fused to the p8 coat protein of M13 bacteriophage. The 

SPINK1 library was selected for binding to bovine trypsin and bovine α-chymotrypsin, while 

the SGPI-2 library was selected on CELA1.  

I developed a solution sorting protocol for the selection of human CELA3A- and CELA3B-

binding SGPI-2 variants. The protocol included the isolation of the enzyme-binding variants by 

Co2+-bound magnetic beads via the His-tag fused to the elastase enzymes. 

Protein expression 

In addition to the wild-type proteins, I produced 18 SGPI-2 and 8 SPINK1 recombinant 

variants altogether. I developed a high-efficiency protein expression system by combining 

already known methods in a novel way in order to produce the inhibitor variants in large 

quantities and with native structure. I expressed the inhibitors in the cytoplasm of E. coli 

SHuffle cells fused to the disulfide isomerase DsbC. To isolate the inhibitor variants in a 

homogenous form, I introduced a disulfide isomerization step in the protein purification 

workflow, exploiting the properties of the fusion partner DsbC. 

Affinity measurements 

To characterize the enzyme binding affinity of the variants, I determined the equilibrium 

dissociation constant (KI) of the complexes.  

Thermodynamic stability measurements 

I determined the thermostability of the SGPI-2 variants using CD spectroscopy, while I 

studied the thermal denaturation of SPINK1 inhibitors using differential scanning calorimetry 

(DSC). 

  



Structural Studies  

I studied the structure of several inhibitor variants and the wild-type SPINK1 and SGPI-2 

using circular dichroism spectroscopy.  

The structural changes in the inhibitor variants were characterized by our collaborators, 

Fanni Sebák and Andrea Bodor in NMR spectroscopy measurements and by András Micsonai 

and József Kardos in molecular dynamics simulations. 

Thesis statements 

1. The expression of small, disulfide-bonded inhibitors fused to DsbC in the cytoplasm of 

SHuffle cells enables the production of these proteins in large quantities. DsbC, when 

cleaved off the inhibitor, is able to catalyze the isomerization of incorrectly formed 

disulfide bonds, thus facilitating the adoption of the native conformation.  

2. Human CELA3A and CELA3B show detectable but small differences in the amino acid 

preferences at the canonical loop positions of the substrate-like inhibitor, SGPI-2. Due to 

the minor extent of the differences, directed evolution of SGPI-2 did not yield CELA3A- 

or CELA3B-selective inhibitor variants.  

3. CELA1 and CELA3 elastases cleave peptide substrates with a P1 Ala residue 8-40-times 

more effectively than peptides with any other P1 side chains. This preference for a P1 Ala 

was not observed in the case of the substrate-like SGPI-2 inhibitor.  

4. The optimal enzyme-binding canonical loop sequence is different on the different 

inhibitor scaffolds. Sequence patterns derived from trypsin- and chymotrypsin-binding 

SPINK1 and SGPI-2 clones show marked scaffold-dependent differences at several loop 

positions.  

5. Swapping the enzyme-binding consensus loop sequences between the scaffolds always 

resulted in decreased inhibitory activity, causing a more than 3 orders of magnitude drop 

in the affinity of the inhibitors in three out of the four cases.  

6. The stability of the phage-selected consensus variants is very similar to that of the wild-

type proteins. In contrast, the thermostability of each loop-exchanged variant differs from 



that of the wild-type. Loop-exchange resulted in either a significant decrease in 

thermostability or a lack of cooperative denaturation.  

7. Accommodation of a loop evolved on a foreign scaffold caused changes in the β-sheet 

structure of the SGPI-2 variants and resulted in the appearance of conformational states 

unfavorable for enzyme-binding. In contrast, the overall structure of the more stable 

SPINK1 variants did not change upon loop-exchange, however, the conformation of the 

canonical loop became distorted, forcing the P1 side chain to positions unfavorable for 

complex formation.  

  



Conclusions  

In the first part of my PhD research, I investigated the specificity of the isoforms of a human 

digestive protease, elastase 3, via directed evolution of a substrate-like inhibitor, SGPI-2. Apart 

from minor, but detectable dissimilarities, I did not find significant differences between the 

substrate preferences of CELA3A and CELA3B. In contrast, porcine CELA1, whose human 

homolog is not produced in the pancreas, shows amino acid preferences distinct from those of 

the CELA3 enzymes at several loop positions. These results suggest that none of the CELA3 

isoforms serve as a direct substitute for CELA1. Nevertheless, the loss of CELA1 might be 

compensated for by the increased number of digestive enzymes with similar specificities. 

Considering that the gene duplication event leading to the emergence of the two CELA3 

isoforms happened only very recently on evolutionary time scale, it is also possible that the two 

paralogs have not yet segregated enough to such extent which would lead to any significant 

functional differences.  

In the second part of my PhD research, I studied the role of the scaffold in the interaction 

of serine proteases and canonical inhibitors. According to the interscaffolding additivity model 

proposed by the Laskowski group, the enzyme-contacting side chains of the inhibitor interact 

with the target protease independently of each other and the scaffold. Consequently, the scaffold 

does not influence the specificity of the inhibitors. This model was based on studies about the 

role of the P1 position, the most solvent-exposed side chain on the canonical loop.  

Nevertheless, investigation of the role of additional positions via single and multiple 

mutants would have been impossible due to the vast number of variants. However, it became 

possible to meet this challenge by applying a fundamentally different approach, directed protein 

evolution. Instead of studying only a limited number of variants, I could reveal the optimal 

enzyme-binding loop sequence by mapping the whole sequence space.  

Via directed evolution of SGPI-2 and SPINK1 that have different scaffolds, I could also 

investigate whether the scaffold affects the optimal loop sequence selected on some model 

proteases. The differences obtained on the two unrelated scaffolds suggest that the inhibitor 

scaffold has a significant effect on the optimal enzyme-binding loop sequence. Together with 

previous results obtained in our laboratory and several examples from the literature, these 

results demonstrate that the theory of interscaffolding additivity is not valid for every enzyme-

contacting position of the canonical inhibitors. 



Swapping the optimal enzyme-binding loops between scaffolds lead to more than four 

orders of magnitude decrease in affinity and reduced the stability of the inhibitors. In the case 

of the less stable SGPI-2 scaffold, the loop-exchange destabilized the β-sheet structure of the 

scaffold and generated an ensemble of conformational states incompatible with high-affinity 

enzyme binding. In the case of the more stable SPINK1 scaffold, the conformation of the loop 

evolved on a foreign scaffold has got distorted upon the loop transfer.  

The results suggest that the protease-binding loop and the inhibitor scaffold constitute a 

single functional unit as opposed to the Laskowski model. During natural evolution, these two 

parts inevitably co-evolved, while in the directed evolution experiments the loop evolved in the 

context of the wild-type scaffold. This way both evolution processes could produce and sustain 

a harmonious unit. The loop-exchanges upset this harmony changing the stability, structure and 

affinity of the inhibitors. Depending on which part of the molecule had been more stable, the 

conformation of either the canonical loop or the scaffold got distorted. 

The results unequivocally disprove the interscaffolding additivity model introduced by the 

Laskowski group. This has theoretical, as well as practical significance as it highlights that the 

role of the inhibitor scaffold is non-negligible when one aims to develop high-affinity, high-

specificity serine protease inhibitors.   
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