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List of Abbreviations 

 

ACh Acetylcholine 

AP Acute pancreatitis 

ATF6 Activating trancription factor 6 

ATP Adenosinetriphosphate 

CCK Cholecystokinin 

CD Circular dichroism  

CFTR Cystic fibrosis transmembrane conductance regulator 

COPI Coat protein complex I 

COPII Coat protein complex II 

CP Chronic pancreatitis 

CTRC Chymotrypsin C 

E. coli Escherichia coli 

ER Endoplasmic reticulum 

ERES Endoplasmic reticulum exit sites 

ERGIC Endoplasmic reticulum - Golgi intermediate compartment 

IP3 Inositol 1,4,5-trisphosphate  

IRE1 Inositol-requiring enzyme 

ITC Isothermal titration calorimetry 

ka Association rate 

kcat Conversion rate 

Kd Dissociation constant 

kd  Dissociation rate 

Ki Inhibition constant 

Km Michaelis-Menten constant 

L-BAPA Nα-Benzoyl-L-arginine 4-nitroanilide hydrochloride  

M6P Mannose-6-phosphate 

MPR Mannose-6-phosphate receptor 

pdb Protein data bank 

PDI Protein disulfide bond isomerase 

PP Pancreatic polypeptide 

PRSS1 Human cationic trypsin gene 

PRSS2 Human anionic trypsin gene 

PRSS3 Human mesotrypsin gene 

RAP Recurrent acute pancreatitis 

SAPE Sentinel acute pancreatitis event 

SDS PAGE Sodium dodecyl polyacrylamide gel electrophoresis 

SNAP N-ethylmaleimide-sensitive fusion attachment protein 

SNARE Soluble N-ethylmaleimide sensitive receptor 

SPINK1  Serine protease inhibitor Kazal-type 1 

SPR Surface plasmon resonance 

TRY1 Human cationic trypsin 
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TRY2  Human anionic trypsin 

TRY3 Human mesotrypsin 

UPR Unfolded protein response 

VAMP Vesicle associated membrane protein 

V-ATPase Vacuolar-type H+-adenosine 5'-triphoshatase 

ZG Zymogen granule 

  
 

Common one- and three-letter codes for amino acids and the International System of Units 

(SI-units), as well as SI-derived units, are used throughout this thesis. The Schechter and 

Berger nomenclature for inhibitor residues and protease binding pockets is used [1]. 
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Scope and Outline 

Pancreatitis is an inflammatory disorder of the pancreas with a mortality rate of 5% and severe 

negative effects on the quality of life. Of all non-malignant gastrointestinal diseases, it is the 

most common reason for hospitalization. Pancreatitis is a disease of multiple etiologies with 

different underlying pathomechanisms. Due to the diversity of mechanisms by which 

homeostasis within the exocrine pancreas can be disrupted, finding appropriate therapeutic 

approaches is challenging. Current treatment options are inadequate and are mostly limited to 

supportive treatment like fluid administration, bowel rest, antibiotics and pain control. Although 

significant advancements have been achieved in recent decades, the mortality rate for 

pancreatitis has not decreased. Furthermore, progress is slow due to limited patient sample 

availability and lack of an appropriate cell model. Taking samples from a human pancreas is 

typically avoided, because damaging the pancreatic tissue can itself induce pancreatitis. 

Additionally, while it is possible to keep individual acini in culture, it is not possible to grow 

pancreatic acinar cells. Thus, less appropriate cell models, often derived from pancreatic 

cancer samples, have to be used. The most common animal model for pancreatitis is mice, 

with caerulein administration being the most common method of inducing pancreatitis. 

However, the use of animal models has significant drawbacks, as they are time-consuming, 

costly, and pose ethical questions. Furthermore, exposing the pancreas to appropriate stimuli 

in animal models is difficult. For example, alcohol is the leading cause of pancreatitis in 

humans, but is typically avoided by animals. Thus, alcohol feeding methods had to be 

developed to overcome the natural aversion of rodents to alcohol. Results obtained from 

animal models are also often not transferable into clinical trials and outcomes in humans 

remain largely unpredictable. Due to the lack of experimental models, our understanding of 

this highly complex disease is still limited and significant progress is required for the 

development of effective therapy options.  

In this dissertation recombinantly expressed trypsin isoforms and variants of the serine 

protease inhibitor Kazal-type 1 (SPINK1) inhibitor are used to investigate mechanisms, by 

which tryptic activity is regulated in pancreatic acinar cells. With premature tryptic activity in 

the exocrine pancreas being the common focal point of most etiologies connected to 

pancreatitis, trypsin represents by far the most promising target for treating pancreatitis. 

Understanding the mechanisms by which the pancreas protects itself and rationalizing 

mutations that can undermine these protective mechanisms, are important steps towards 

developing effective therapies.  
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In this work, a combination of biochemical, biophysical, computational and structural 

approaches was utilized to unravel molecular mechanisms governing the regulation of tryptic 

activity.  

 

Article I Structural Basis of the Pancreatitis-Associated Autoproteolytic Failsafe 

Mechanism in Human Anionic Trypsin 

Nagel, F.; Susemihl, A.; Geist, N.; Möhlis, K.; Palm, G.J.; Lammers, M.; 

Delcea, M. J. Inflamm. Res. 2022, 15, 3633–3642 

 

Article I presents insights into the molecular structure of human anionic trypsin (TRY2), a 

mostly neglected isoform in pancreatitis research. It is the first crystal structure of human 

anionic trypsin and the first human trypsin to crystallize as an uninhibited, wild type protein. 

The structure was solved in an autoproteolytic, dimeric state representative of the 

autoproteolytic failsafe mechanism. Based on the crystal structure, a model for cationic trypsin 

(TRY1) was built and the molecular basis for the pathogenicity of the R122H mutation in trypsin 

was established. 

 

Article II A Hypothesized Mechanism for Chronic Pancreatitis Caused by the N34S 

Mutation of Serine Protease Inhibitor Kazal-Type 1 Based on 

Conformational Studies 

Kulke, M.; Nagel, F.; Schulig, L.; Geist, N.; Gabor, M.; Mayerle, J.; Lerch, M.M.; 

Link, A.; Delcea, M. J. Inflamm. Res. 2021, 14, 2111–2119. 

 

In addition to self-regulation of the two major trypsin isoforms by autoproteolysis they are 

inhibited by a trypsin inhibitor called serine protease inhibitor Kazal-type 1 (SPINK1). Article II 

uses molecular dynamics and replica exchange simulations to analyze the conformational 

space of SPINK1-TRY1 complexes. Focus is a well-known, pancreatitis-associated N34S 

mutation in SPINK1. Minor differences in the complex structures and conformational flexibility 

of both SPINK1 variants were detected and hypothesized to influence the proteolytic stability 

of the inhibitors. 
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Article III Structural and Biophysical Insights into SPINK1 Bound to Human 

Cationic Trypsin  

Nagel, F.; Palm, G.J.; Geist, N.; McDonnell, T.C.R.; Susemihl, A.; Girbardt, B.; 

Mayerle, J.; Lerch, M.M.; Lammers, M.; Delcea, M. Int. J. Mol. Sci.  2022, 23. 

 

Article III elucidates the inhibitory mechanism of SPINK1 and provides a comprehensive 

kinetic, thermodynamic and structural understanding of the interaction with cationic trypsin. 

Moreover, the effect of the N34S amino acid substitution is analyzed. Crystal structures of 

SPINK1 WT and N34S in complex with cationic trypsin are almost indistinguishable and refute 

previously hypothesized pathomechanisms. An unexpected rotamer conformation of His63 in 

the catalytic triad was observed in SPINK1 inhibited cationic trypsin, which is speculated to 

contribute to the proteolytic stability of the inhibitor.  

 

Article IV Identification of Kazal-inhibitor scaffolds with identical canonical binding 

loops and their effects on binding properties 

Nagel, F.; Susemihl, A.; Eulberg, T.E.; Delcea, M. J. Biol. Chem., submitted. 

 

Finally, Article IV describes a more potent SPINK1 variant and the influence of the Kazal 

scaffold supporting the canonical binding loop on binding properties is investigated. A T40P 

mutation in human SPINK1 selectively improved binding to human trypsin isoforms, while 

showing negligible effects on binding properties with bovine or porcine trypsin.  
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Introduction 

The pancreas 

 

The pancreas is part of the gastrointestinal system and simultaneously functions as an endo- 

and exocrine gland. It weighs about 100 g and is 14-23 cm long. Its location is in the upper 

abdomen behind the stomach with the broader pancreatic head lying within the loop of the 

duodenum and the tail of the pancreas being near the hilum of the spleen [2]. The main 

pancreatic duct (Wirsung’s duct) branches through the pancreas and is joined by the common 

bile duct near the duodenum (Figure 1). Cells of the pancreas can be categorized according 

to their involvement in either the exo- or endocrine system. The exocrine part of the pancreas 

produces digestive enzymes that are secreted into the duodenum via the pancreatic duct. It 

includes acinar cells, as well as duct cells and the associated connective tissues, nerves, and 

other vessels. All components of the exocrine pancreas make up 95-98% of the total pancreas 

mass [3]. The remaining 2% form the endocrine pancreas and are mostly organized in 

pancreatic islets (islets of Langerhans). On average, the size of pancreatic islets is in the range 

of 50-250 µm with each islet consisting of about 1,500 individual cells [4]. The endocrine 

system of the pancreas is critical for maintaining glucose homeostasis, which is mediated by 

secretion of pancreatic hormones. Although seemingly independent, the exo- and endocrine 

systems are functionally interconnected, as reflected in the close proximity of acinar and 

pancreatic islets. Exposing acini to pancreatic hormones like insulin leads to potentiated 

amylase secretion and subsequent increased polysaccharide digestion [5,6]. This functional 

interplay is referred to as the “islet-acinar” axis and is still an active field of research with the 

effects of individual pancreatic hormones on the exocrine system highly debated [7].  
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Figure 1: Schematic representation of the pancreas and its relative positioning between spleen and 
duodenum. The pancreatic duct system is shown in green and acini are shown in yellow. Pancreatic islets are 

depicted in blue. The figure was adapted from Betts et al. [8]. 

 

 

The endocrine pancreas 

 

Pancreatic islets make up about 2% of the pancreatic mass [3]. The existence of these islets 

was first described in 1869 by Paul Langerhans and their involvement in glucose homeostasis 

was demonstrated 21 years later by Joseph von Mehring and colleagues [9]. Pancreatic islets 

are comprised of α, β, δ, ε, and PP (pancreatic polypeptide) cells. These hormone-secreting 

cells store pancreatic hormones in numerous secretory granules, which can be secreted upon 

receiving the appropriate stimulus. The endocrine cells are labeled in order of their discovery. 

Glucagon-producing α cells were discovered first and make up approximately 35% of the islet 

mass [10,11]. The primary function of glucagon is stimulating glycogenolysis and 

gluconeogenesis, thereby preventing hypoglycemia [12]. The most common endocrine cell 

type is insulin-producing β cells. They comprise 50-70% of the islet mass and, in addition to 

insulin, also produce amylin [13]. Insulin release after food uptake enables replenishment of 

energy stores by glycogenesis and lipogenesis, promotes the uptake of glucose by fat and 

skeletal muscle and induces liver glucose uptake by glycogen deposition and prevention of 

glycogenolysis and gluconeogenesis [14–19]. Insulin is arguably best known for its role in 

diabetes, caused by insulin insufficiency due to loss of β cells by an autoimmune response 

(type 1 diabetes) or by insulin resistance (type 2 diabetes), which is commonly caused by 
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obesity and insufficient exercise [20,21]. A less well-known type of diabetes is type 3c. It is 

characterized by insufficient endocrine function caused by exocrine damage, frequently due to 

acute or chronic pancreatitis [22].  

Less than 10% of the islet mass is made up of somatostatin-producing δ cells [23]. 

Somatostatin acts as an inhibitor of both endocrine and gastrointestinal hormones. PP cells 

produce the pancreatic polypeptide, acting on the endocrine as well as the exocrine pancreas 

[24,25]. Ghrelin is produced predominantly in the stomach, but also in pancreatic ε cells, where 

it suppresses insulin release [26]. 

Through the islet-acinar axis, acinar cells of the exocrine pancreas are exposed to endogenous 

pancreatic hormones, highlighting their functional relationship [5]. Insulin can bind to insulin 

receptors on acinar cells, which induces the secretion of amylase [6]. In addition, somatostatin 

and PP are considered to inhibit pancreatic exocrine secretion [25,27,28]. The effect of 

glucagon on exocrine functions of the pancreas is still debated and both inhibitory and 

stimulatory mechanisms have been proposed [7]. 

 

The exocrine pancreas 

 

Cells of the exocrine pancreas make up 95-98% of the entire pancreatic mass [3]. They consist 

of acinar cells, which arrange in so-called “acini” around the pancreatic duct. The duct system 

is comprised of ductal cells forming the main pancreatic duct and interlobular ducts that drain 

into the main duct throughout the pancreas (Figure 2). Digestive enzymes released from acinar 

cells are secreted through acinar tubules into a bicarbonate-rich solution within interlobular 

ducts. From here they are transported to the main pancreatic duct and finally to the duodenum. 

Most of the digestive enzymes produced in acinar cells are capable of damaging the 

surrounding pancreatic tissue. Hence, the integrity of the ductal system is crucial for preventing 

these enzymes from entering the interstitial space. Leakage from the duct system is mostly 

prevented by tight junctions between duct cells and acinar cells [29]. It is estimated that up to 

90% of protein expression in the exocrine pancreas is devoted to synthesizing about 20 

proteins [30]. Due to their destructive nature, every step from synthesis to secretion of digestive 

enzymes is tightly regulated within acinar cells. Imbalances to this highly intricate system can 

lead to severe damage of the pancreas. Thus, one of the first modifications to secretory 

proteins is the cleavage of the signal peptide by signal peptidase [31,32]. This endoplasmic 

reticulum (ER) specific protease cleaves the signal peptide and traps the protein in the 

secretory pathway. 

 



12 
 

Endoplasmic reticulum 

Unlike cytosolic proteins, proteins entering the secretory pathway contain an abundance of 

disulfide bonds. The redox environment of the ER is more reducing than the surrounding 

cytosol or other cellular compartments, making it suitable for the correct formation of these 

disulfide bonds. Furthermore, it is known that environmental factors like ethanol feeding in 

mice leads to increased oxidation in the ER. This suggests an increase in incorrectly formed 

disulfide bonds, resulting in misfolding, ER-stress and eventually triggering of the unfolded 

protein response (UPR) system when the ER-associated degradation pathway is overloaded 

[33–38]. The UPR system is pivotal in sustaining the high expression levels encountered in 

acinar cells and is regulated by the ER transmembrane proteins inositol-requiring enzyme 

(IRE1), protein kinase R-like ER kinase and activating transcription factor 6 (ATF6). These 

proteins act as sensors for the unfolded protein load within the ER lumen and can initiate 

response mechanisms to reduce ER stress if appropriate [39,40]. Additionally, a protein 

disulfide bond isomerase (PDI) specifically expressed in acinar cells termed PDIp, further 

reflects the importance of correctly formed disulfide bonds. PDIp interacts with digestive 

enzymes and prevents their aggregation [41–43].  

Golgi complex 

After correct folding, secretory proteins at specialized ER exit sites (ERES) are directed into 

the ER-Golgi intermediate compartment (ERGIC) within coat protein complex II (COPII)-coated 

vesicles [44,45]. From here, they are concentrated and traverse through the cis-, medial-, and 

trans-Golgi, where they might undergo further post-translational modifications. Concentration 

of secretory proteins in the ERGIC was demonstrated for chymotrypsin and amylase, which 

are non-selectively transported from the ER but excluded from COPI vesicles that transport 

proteins back to the ER [46,47]. At the cis-Golgi site, mannose-6-phosphate (M6P) residues 

are added to proteins intended for the endolysosomal pathway [48]. M6P residues interact with 

M6P receptors (MPRs) that are primarily located on endo- and lysosomes [49]. At the trans-

Golgi site, condensing vacuoles are formed and filled with secretory proteins that do not carry 

M6P residues. Mechanisms by which these secretory proteins are sorted into condensing 

vacuoles are still an active field of research, but two hypotheses have been formulated [50,51]. 

The sorting-for-entry hypothesis speculates that, similar to the M6P sorting mechanism, other 

post-translational modifications, such as sulfation or O-glycosylation, are specifically 

recognized by respective sorting receptors. However, the existence of these receptors remains 

to be demonstrated. Both sulfation and O-glycosylation are modifications that occur in the Golgi 

apparatus and are found in almost all digestive enzymes [52].  

The condensing vacuoles are acidic (pH about 5.5), which is due to the acidic nature of the 

Golgi complex and is further amplified by vacuolar-type H+-ATPase (V-ATPase) in the 
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membrane of these vacuoles that acts to acidify the vesicular lumen [53]. During maturation 

and transport to the apical pole of acinar cells the condensing vacuole becomes smaller. 

Clathrin-coated vesicles mediate the removal of membrane and small amounts of digestive 

enzymes. Additionally, water is transported out of these granules resulting in a mature 

zymogen granule (ZG) with extremely dense protein content [54]. Storage of inactive precursor 

digestive enzymes called zymogens is aided by concentration of the protein content within 

ZGs. High protein concentrations cause partial aggregation with some zymogens even existing 

in a semi-crystalline state that aids with inhibition of these zymogens until they are released 

[55–57]. Evidence for the limited aggregation within ZGs also gave rise to the sorting-by-

retention hypothesis. Soluble, non-zymogen proteins are successively removed during the 

maturation of the ZG resulting in a granule with very high zymogen content [50]. While 

condensing vacuoles are initially acidic (pH ~5.5), they lose most of their acidity during 

maturation [58]. Loss of acidity is speculated to be caused by inactivation of V-ATPase or 

removal of H+-pump subunits, both mechanisms remain to be shown. The behavior is 

anomalous, especially considering that other secretory cells typically show increased acidity 

during maturation of the secretory vesicles [59,60]. The physiological meaning behind the loss 

of acidity remains an enigma and has not yet been properly addressed.  

Secretion 

The vast majority of ZGs secrete their cargo at the apical membrane by exocytosis. The 

secretion mechanism of pancreatic acinar cells is well studied, historically due to George 

Palade’s work (Nobel Prize for Medicine or Physiology, 1974) who used and established the 

pancreatic acinar cell as a basic model for secretion [61]. Exocytosis is achieved through 

soluble N-ethylmaleimide sensitive receptor (SNARE) proteins. In pancreatic acinar cells, ZGs 

enriched with either the SNARE protein vesicle associated membrane protein 2 (VAMP2) or 

VAMP8 can be found [62]. VAMP2 interacts with syntaxin 2 and the N-ethylmaleimide-

sensitive fusion attachment protein 23 (SNAP23) present in the apical membrane of acinar 

cells. ZGs enriched with VAMP8 interact with syntaxin 4 and SNAP23 present in the 

basolateral membrane, which is hence considered to be a pathological release of digestive 

enzymes [63–65]. During secretion ZG-ZG compound exocytosis is often observed and is 

mediated by VAMP8, syntaxin 3 and SNAP23.  

Fusion of ZGs with the apical plasma membrane is triggered by an increase of intracellular 

calcium near the apical pole of the cell, often induced by secretagogues [66]. Secretagogues 

include cholecystokinin (CCK), acetylcholine (ACh) and bombesin. These secretagogues 

initiate inositol 1,4,5-trisphosphate (IP3) signaling through interaction with their respective G-

protein coupled receptors [67]. Subsequently, IP3 triggers Ca2+-release ultimately leading to 

the activation of the ZG secretion machinery. During exocytosis, an F-actin coat forms around 
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the fusion of the ZG membrane and apical plasma membrane, keeping the formed pore in an 

energetically unfavorable "open" state that allows stored zymogens to resolubilize and diffuse 

out of the ZG [68,69]. Exocytosis in pancreatic acinar cells differs greatly from, e.g. neuronal 

synapses, in that the formed fusion pores are open for up to 20 min and compound exocytosis 

is rapid with >70% of ZGs being fused within 1 min at the apical pole [70,71]. The underlying 

reason for the different secretion mechanisms is likely caused by the cell geometry of the 

pancreatic acinar cell, with the apical plasma membrane constituting only 10% of the total cell 

surface [70]. Misdirection of the secretion machinery to the basolateral membrane is a major 

mechanism for the development of pancreatitis and can be stimulated by e.g. alcohol [72,73].  

Meal response 

Pancreatic secretion is tightly regulated and occurs as a response to food ingestion. The 

pancreatic meal response can be divided into four phases: cephalic, gastric, intestinal and 

absorbed nutrient. The cephalic phase is under control of the vagus nerve and describes the 

physiological response to sensory inputs like smell and taste and as a result, the anticipation 

of food [74,75]. Interaction of, e.g. fatty acids, with oral receptors also induce and amplify the 

cephalic phase [76]. During this phase, approximately 20-25% of secretion occurs [77–79]. 

The exocrine secretion response was evaluated in sham fed dogs and humans, where the 

response in humans lasted for one hour, while in dogs the cephalic phase lasted more than 

four hours [80,81]. The gastric phase accounts for about 10% of exocrine secretion and is a 

result of complex neural reflexes and hormone release upon sensing food in the stomach 

[78,82,83]. The majority of enzyme secretion is regulated during the intestinal phase and 

accounts for 50-80% of enzyme release. It is triggered particularly by amino acids tryptophan 

and phenylalanine, but also monoglycerides and peptides [84–88]. Unlike the cephalic and 

gastric phase, secretion in the intestinal phase is accompanied by the release of high volumes 

of bicarbonate to neutralize the gastric chyme in the duodenum. Release of bicarbonate 

indicates concerted secretion in both acinar and duct cells. The response is primarily initiated 

by the hormones secretin, which is released from S cells after entry of the low pH gastric chyme 

into the duodenum and CCK [89–92]. The absorbed nutrient phase is characterized by a 

release of exocrine enzymes through nutrients absorbed in blood. However, little is known 

about the precise mechanisms and the extent to which absorbed nutrients contribute to the 

release of digestive enzymes [93,94]. 

Because digestive enzyme secretion is highly regulated by food ingestion and is required to 

be fast, it is clear that this process cannot be regulated on a transcriptional or translational 

level. Hence, just like endocrine hormones of the pancreas, digestive enzymes need to be 

stored for several hours until they are released in response to the next meal. However, 

digestive and especially proteolytic enzymes of the pancreas are highly promiscuous and 
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capable of autodigestion and are thus, inherently unstable. This makes storing these enzymes 

in ZGs challenging and several mechanisms have evolved to inhibit enzymatic activity. The 

protein composition of ZGs was the subject of many proteomic studies and key digestive 

enzymes were identified in rat ZGs and their human homologues are summarized in Table 1  

[95–97].  

Table 1: Representative digestive enzymes found in ZGs. Theoretical molecular weights and isoelectric point 
(pI) values are calculated without signal peptide [98]. 

Enzyme Short name Gene name MW (kDa) pI 

Alpha-amylase 1A AMY1A AMY1A 55.9 6.34 

Anionic trypsinogen TRY2 PRSS2 24.9 4.78 

Bile salt-activated lipase BAL CEL 77.2 5.08 

Cationic trypsinogen TRY1 PRSS1 25.0 6.1 

Chymotrypsinogen B1-2 CTRB1 CTRB1 25.8 6.95 

Chymotrypsinogen C CTRC CTRC 27.9 7.68 

Pancreatic lipase PL PNLIP 49.5 6.29 

Procarboxypeptidase A1 CPA1 CPA1 45.5 5.38 

Procarboxypeptidase A2 CPA2 CPA2 44.9 5.52 

Procolipase CLPS CLPS 10.1 7.68 

Proelastase 1 CELA1 CELA1 26.9 8.60 

 

Zymogen storage and regulation 

In order to prevent autodigestion, most of the enzymes shown in Table 1 are expressed as 

inactive precursor proteins called zymogens. These zymogens are activated through cleavage 

of an N-terminal propeptide that inhibits the enzyme, and at the same time aids with folding of 

the enzyme in the ER [99]. Trypsin, which is the active form of trypsinogen, represents the 

most important enzyme in maintaining the inactive state of these enzymes, because it is 

capable of activating all other zymogens (Figure 2). Trypsinogen constitutes about 20% of the 

total protein content in the pancreatic juice and is a key player during digestion [100]. Due to 

the high amounts of trypsinogen in the pancreas and its potential to activate all digestive 

enzymes within, it is pivotal to tightly regulate trypsin activity in the pancreas. Hence, under 

physiological conditions, trypsinogen is only activated once it enters the duodenum by an 

enzyme called enterokinase. Enterokinase is spatially separated from trypsinogen, which 

prevents unwanted activation of trypsin within pancreatic acinar cells [101]. Despite its name 

enterokinase, the enzyme is actually a transmembrane protease and is more accurately called 

enteropeptidase in more recent literature.  
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Although trypsinogen is spatially separated from its activator enterokinase, trypsinogen 

possesses weak autoactivation activity [102]. The propeptide has evolved to feature four 

negatively charged aspartate residues in front of the positively charged lysine residue, after 

which the propeptide can be cleaved by either enterokinase or, albeit to much lesser extent, 

trypsin [103]. In addition, autoactivation of trypsin within ZGs of acinar cells is further reduced 

by the previously mentioned partial aggregation of zymogens, due to the very high protein 

concentrations within the mature ZGs [55–57].  

Despite all these mechanisms that regulate tryptic activity within acinar cells, small amounts 

of trypsinogen are still able to autoactivate, which is sufficient to start a seemingly unstoppable 

auto-activation cascade. Thus, a trypsin inhibitor called serine protease inhibitor Kazal-type 1 

(SPINK1) expressed in acinar cells is sorted into ZGs together with trypsinogen. Here, SPINK1 

acts as a first line of defense against prematurely activated trypsin and essentially fulfills the 

role of the now cleaved propeptide by inhibiting activated trypsin [104]. Trypsin inhibition by 

SPINK1 is reversible and follows the standard mechanism, also known as Laskowski 

mechanism [105]. SPINK1 binds in a substrate-like manner and engages in very tight binding 

interactions with trypsin. Although trypsin inhibition is beneficial within ZGs, once released into 

the duodenum, trypsin inhibition by SPINK1 is unwanted. This apparent dilemma between 

protecting the pancreas through inhibition and maintaining enough tryptic activity for digestion 

is solved by different expression ratios between trypsin and SPINK1. On average, the molar 

ratio between trypsin and SPINK1 in acinar cells is five to one. Thus, SPINK1 is theoretically 

capable of inhibiting a maximum of 20% of the tryptic activity [106,107].  

 

Figure 2: Schematic representation of the exocrine pancreas. Acini surrounding the pancreatic duct and a 
schematic representation of a pancreatic acinar cell (left panel). Protein composition of zymogen granules and their 
functional relationship in the auto-activation cascade (right panel). The image depicting the pancreas was adapted 

from Betts et al. [8].  

 



17 
 

In case premature trypsin activity within acinar cells exceeds the inhibitory potential of SPINK1, 

several additional failsafe mechanisms have evolved. One of these mechanisms is the 

chymotrypsin C (CTRC) dependent degradation of trypsin. Progression through the 

autoactivation cascade eventually results in the activation of chymotrypsinogen C [108,109]. 

On the one hand, CTRC can enhance trypsinogen autoactivation rates by modifications of the 

propeptide. On the other hand, active CTRC results in proteolytic degradation of trypsin, which 

is considered to be more physiologically relevant than enhancing the autoactivation rate. Thus, 

activation of CTRC within ZGs results in degradation and inactivation of active trypsin species 

and aids in protecting the pancreas from autodigestion. However, while this effect was 

demonstrated for both cationic trypsin (TRY1) and anionic trypsin (TRY2), anionic trypsin was 

found to be under much tighter control of CTRC, which is explained through an additional 

cleavage site as well as the lack of a stabilizing Cys139-Cys206 disulfide bond [110].  

Additionally, active trypsin can undergo autoproteolysis, effectively self-regulating itself in the 

absence of other substrates. Two major autolytic sites were identified in TRY1 and TRY2. 

Cleavage of the Arg122-Val123 bond is considered the first site to be cleaved by 

autoproteolysis and is essential to the autoproteolytic failsafe mechanism. However, while 

cleavage of this bond is rapid, it does not inactivate the enzyme. Only in combination with the 

second autolytic cleavage site Lys193-Asp194 is trypsin inactivated and ultimately degraded 

[110].  

In conclusion, pancreatic acinar cells are responsible for safely synthesizing, storing and 

secreting highly promiscuous and potentially destructive digestive enzymes. It is obvious how 

even small imbalances in this tightly regulated process can lead to severe damage of the cells 

and the surrounding tissue, which is often the cause of many diseases of the pancreas, such 

as pancreatic exocrine insufficiency, pancreatic cancer, cystic fibrosis or pancreatitis.  

 

 

Acute, recurrent acute, and chronic pancreatitis  

 

Pancreatitis is an inflammatory disease of the pancreas with significant mortality [111]. The 

disease can range from mild symptoms that affect only the pancreas, to very severe forms that 

are accompanied by multisystemic organ failure and ultimately death. The death rate in acute 

pancreatitis (AP) is ~5% and the most common causes of AP are alcohol abuse and gallstones, 

which constitute 70-80% of all cases [112,113]. In the past decades, the incidence of acute 

pancreatitis increased and ranges from 13 to 45/100,000 persons per year [114]. Increases in 
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metabolic syndrome and gallstone disease due to poor diet have been speculated to be 

associated with the increase in pancreatitis [115].  

Pancreatitis can be categorized into three main forms, acute pancreatitis (AP), recurrent acute 

pancreatitis (RAP) and chronic pancreatitis (CP), each of which can be subcategorized based 

on the underlying cause of the disease, e.g. alcohol-induced, autoimmune, hereditary, etc. 

Although once considered separate diseases, AP and CP are now understood as continuum. 

Some patients with AP can already show mild morphological changes that are typically 

associated with CP that can progress to more obvious changes such as calcifications and loss 

of endo- and exocrine function [116–119]. Multiple theories exist on how AP could eventually 

progress to CP, ranging from oxidative stress theories to toxic-metabolites, ductal obstruction, 

and necrosis-fibrosis theories. In an attempt to unify the different potential mechanisms that 

may all lead to CP, the sentinel acute pancreatitis event (SAPE) hypothesis was introduced in 

1999 [120,121]. This generalized hypothesis assumes an initiating event (sentinel event) to be 

necessary, which causes AP and injury to pancreatic acinar cells. In response to the first AP 

episode, anti-inflammatory mechanisms and other pro-fibrotic events subsequently enable the 

progression from an initial acute event to chronic pancreatitis.  

While the SAPE hypothesis can explain the transition from AP to CP, it makes no assumptions 

about the origin of the sentinel event itself. Given the complexity of the processes within the 

exocrine pancreas and the obvious challenges of zymogen synthesis, storage and secretion, 

it is no surprise that risk factors and pathomechanisms are as manifold as they are diverse. 

Gallstones are among the most common etiologies of pancreatitis and are found in up to 20% 

of the population [122,123]. In 8% of patients carrying gallstones, the outflow of pancreatic 

juice from the pancreatic duct into the duodenum is obstructed [124–126]. The result is 

increased pressure in the pancreas and damage to acinar cells triggering the disease onset 

[124].  

Alcohol abuse is another well-known risk factor for developing pancreatitis [114,127]. However, 

despite the relationship of alcohol abuse and pancreatitis being well established, most 

alcoholics do not develop pancreatitis, indicating that alcohol is merely increasing the 

susceptibility to other risk factors, rather than being the sole cause of pancreatitis in most cases 

[128–130]. Ethanol’s toxicity is mostly attributed to its metabolites acetaldehyde and fatty acid 

ethyl esters [131–136]. Fatty acid ethyl esters have been associated with increased 

intracellular Ca2+ concentrations, which was accompanied by premature zymogen activation, 

ATP depletion and cell necrosis [135,137–140]. Additionally, acetaldehyde was found to 

redirect VAMP8-containing ZGs from the apical pole of acinar cells to the basolateral 

membrane resulting in the release of digestive enzymes into the interstitial space through the 

VAMP8, syntaxin4, SNAP23 fusion complex [136,141]. Other risk factors include smoking, 
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abdominal trauma, endoscopic procedures, drugs, autoimmune diseases and infections 

[142,143]. 

While the etiologies for pancreatitis are manifold, they all ultimately result in cell and/ or tissue 

damage through premature trypsin activation within acinar cells or the interstitial space. One 

major mechanism through which trypsin activation is thought to occur is the co-localization 

theory. During ER-stress, impairment of autophagy and other complex changes to cellular 

homeostasis, co-localization of lysosomal hydrolases and digestive zymogens is proposed 

(Figure 3). Fusion of lysosomes with ZGs results in the enrichment of cathepsin B within ZGs 

[144,145]. Cathepsin B is a known activator for trypsinogen and mouse models have shown 

significantly decreased trypsinogen activation in cathepsin B deficient mice [146,147]. Often, 

co-localization occurs due to defects in autolysosome formation during autophagy and results 

in activation of trypsinogen, which is now considered a major mechanism for the genesis of 

pancreatitis [148–150]. 

 

 

Figure 3: Schematic representation of the co-localization theory. Fusion of lysosomes and zymogen granules 
cause the activation of trypsinogen by cathepsin B. 

 

Finally, hereditary causes are an important risk factor for pancreatitis, with mutations in the 

major genes associated with pancreatitis found in over 50% of patients [151,152]. Most 

commonly, mutations are found in the PRSS1, CTRC, SPINK1 and cystic fibrosis 

transmembrane conductance regulator (CFTR) genes. The gene products cationic trypsin, 
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SPINK1 and chymotrypsin C are all expressed in acinar cells, while CFTR is the only member 

expressed in duct cells. No disease-causing mutations are known in the PRSS2 gene. 

However, a G191R mutation was found to be enriched in the healthy population, suggesting a 

protective effect [153]. The G191R mutation makes anionic trypsin more degradation-sensitive 

by introducing an additional autolytic site, amplifying the self-protecting effect through 

autoproteolysis. Apart from dominant PRSS1 mutations, most variants are not the sole cause 

for pancreatitis and rather predispose for pancreatitis by lowering the threshold requirements 

for developing the disease. The two genes most commonly found to carry mutations in 

pancreatitis patients are PRSS1 and the trypsin inhibitor SPINK1. There is a plethora of 

mutations known in both genes, with most of them representing rare variants (Figure 4) [154–

156].  

Contrary to the seemingly logical premise, impaired trypsin inhibition by SPINK1 mutations is 

not a common mechanism for developing pancreatitis [157]. Nevertheless, two decades ago, 

an N34S variant in SPINK1 was found to be a major risk factor for chronic pancreatitis 

[104,158,159]. The N34S mutation is very common and can be found in about 0.6% of the 

general population. In pancreatitis patients, the mutation is overrepresented with about 5.8% 

carrying the N34S variant, sometimes in combination with other mutations. Initially, it was 

postulated, that the N34S amino acid substitution would cause impaired trypsin inhibition, 

leading to increased trypsin autoactivation in pancreatic acinar cells. However, later studies 

showed that this was not the case, causing other hypotheses to emerge and many research 

groups calling for more detailed analyses [160,161]. Despite great efforts in the past two 

decades aiming at elucidating the pathomechanisms underlying the N34S mutation, the 

mechanism of action has remained enigmatic [162]. 

 

Figure 4: Mutations in cationic trypsin and SPINK1. (A) Crystal structure of cationic trypsin labeled with 
pancreatitis-associated mutations (pdb: 7QE8). The active site is highlighted in red. (B) Crystal structure of SPINK1 

labeled with pancreatitis-associated mutations (pdb: 7QE8). The most common mutations are highlighted in red.  
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Perhaps the most prominent mutation is R122H in human cationic trypsin. The R122H mutation 

was identified in 1996 and was the first variant to be associated with pancreatitis [163]. It was 

quickly discovered that R122H represents a gain-of-function mutation that increases trypsin 

autoactivation by removing one highly exposed autolytic site in TRY1. Unlike most of the 

mutations associated with pancreatitis, R122H has a very high penetrance of over 80% and is 

encountered in over 50% of patients with hereditary pancreatitis [156]. Following its discovery, 

the R122H variant was subjected to many biochemical studies, with some of them attributing 

an inhibitory function to the Arg122-loop in addition to its role in autoproteolysis [164]. Weak 

inhibitory potential of this loop was demonstrated, however the inhibitory mechanism and loop 

geometry upon binding are still under debate, with some reports claiming similar mechanisms 

to canonical inhibitors like SPINK1.  

Overall, with the emergence of next generation sequencing methods and the accompanying 

identification of novel genetic risk factors, insights into the cellular regulation of tryptic activity 

were obtained that may present a starting point for drug targets and design of novel 

therapeutics.  

In summary, pancreatitis is a disease of multiple etiologies and is often caused by many 

independent events. Thus, it is considered a threshold disease with genetic, dietary and other 

lifestyle factors as well as traumata contributing to the overall risk. Despite the variety of 

etiologies and different underlying pathomechanisms, they all share the same outcome of 

pancreas autodigestion and inflammation, with prematurely activated trypsin in the pancreas 

being the common focal point.  
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Results 

Crystal structure of human anionic trypsin reveals the molecular basis of the 

autoproteolytic failsafe mechanism (Article I) 

 

In 1995, the first crystal structure of a human trypsin was reported [165]. Active human cationic 

trypsin (TRY1) crystallized in the presence of a diisopropyl phosphofluoridate (DFP) inhibitor. 

Following the discovery of human mesotrypsin (TRY3), also known as brain trypsin, a crystal 

structure of the benzamidine-inhibited enzyme was reported in 2001 [166]. As of the time of 

writing this thesis, there are a total of six human cationic trypsin and 15 mesotrypsin structures 

reported in the protein data bank. Despite being the predominant isoform during pancreatitis, 

no crystal structure of human anionic trypsin (TRY2) was available. Thus, for Articles I, III 

and IV a refolding protocol for human trypsin isoforms was established. To the best of our 

knowledge, this is the first purification method described that yields very homogeneous trypsin 

with high yield from inclusion bodies using a simple, conventional His-tag purification without 

special or custom purification columns (Figure 5A and 5B). Using a small chromogenic 

substrate, all trypsin isoforms display similar conversion rates (kcat) and Michaelis-Menten 

constants (Km) (Figure 5C). In Article I the purified anionic trypsin autoactivated after adding 

enterokinase at a molar ratio of 1:20,000 to start the autoactivation cascade, which was 

followed by size exclusion chromatography to remove enterokinase and cleaved propeptides. 

Following activation, the enzyme was concentrated to 15 mg mL-1 and immediately used for 

crystallization in 22% polyethylene glycol (PEG) 4000, 0.1 M Hepes pH 7.5 and 0.1 M sodium 

acetate using the hanging drop vapor diffusion method. Anionic trypsin crystallized in space 

group P212121 within two to three days and the structure was refined to a resolution of 1.7 Å. 

Phases were solved by molecular replacement using human cationic trypsin (pdb: 1TRN) as 

search model (Figure 5D). With SDS-PAGE four additional bands were observed for the wild 

type enzyme but not for the catalytically inactivated S200A mutant (Figure 5A). The additional 

bands were attributed to auto-cleavage products of the most well-known autolytic sites after 

Arg122 and Lys193. Additional bands observed for TRY2 S200A are impurities introduced by 

the higher enterokinase concentration used due to the absence of autoactivation in the 

catalytically inactive variant. The electron density of the crystal structure also showed a cleaved 

Arg122-Val123 bond, while the Lys193-Asp194 bond appeared to be intact with well-defined 

electron density. Two TRY2 molecules formed a dimer with Arg122 of one enzyme deeply 

burrowed in the S1 binding pocket of the neighboring TRY2 (Figure 5E). Arg122 and Val123 

are separated by more than 8 Å, showing that the loop undergoes induced fit movements to 

accommodate the created binding interface of the homodimer. Creating the binding interface 

requires translation and a 180° rotation about the translation axis, which crystallographically 
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results in an endless chain. However, in solution no multimers or even fibers could be 

observed, most likely due to the weak interaction of the TRY2 dimer. 

The Arg122 loop is the first autolytic site to be cleaved by autodigestion in TRY1 and TRY2 

and is thus, integral to the autoproteolytic failsafe mechanism. The importance of this loop is 

also reflected in the fact that the R122H mutation in TRY1 is by far the most important in 

hereditary pancreatitis, with a penetrance of about 80% and more than 50% of patients carrying 

this mutation [156]. Hence, the crystal structure of the TRY2 homodimer was used to generate 

a model of TRY1, which was equilibrated by molecular dynamics simulations with NAMD using 

the CHARMM36 forcefield (Figure 5F). The model can be used to comprehend the first step 

of autoproteolysis in human trypsin and highlights why removal of this autolytic site through 

the R122H mutation results in pancreatitis. In addition, weak inhibitory properties were found 

for the Arg122 loop [164]. A similar geometry to canonical protease inhibitor binding loops was 

proposed for the Arg122 loop, but the crystal structure displays a very flexible loop with large 

structural rearrangements after cleavage, refuting these previous propositions. The inhibitory 

potential can be rationalized through the binding interface of the homodimer, with not only the 

Arg122 loop, but also the entire backside of the enzyme contributing to binding.  

 

Figure 5: Structure and function of purified human anionic trypsin. (A) Structure of the TRY2-TRY2 dimer. 
(B) SDS-PAGE of TRY2 S200A and TRY2 WT. (C) Analytical size exclusion chromatography of anionic trypsinogen 
and trypsin. (D) Interaction of Arg122 with Asp194. The 2Fo-Fc density map is shown 1.6 Å around Arg122 and is 
contoured at 1.0 σ. (E) Structural model of the TRY1-TRY1 dimer. (F) Michaelis-Menten kinetics of trypsin isoforms 
with L-BAPA as substrate. Figures are adapted from Nagel et al. [167].  
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Biochemical, biophysical and structural analysis of SPINK1 – TRY1 complexes (Article II 

and Article III) 

 

The SPINK1 N34S mutation was first discovered and linked to chronic pancreatitis in 2000 

[158]. Since then, many hypotheses were formulated attempting to explain the pathogenicity 

of this common variant. After it became clear that reduced inhibitory potential of the N34S 

variant is not the mechanism of action, structural differences and rearrangements of hydrogen 

bond networks at the SPINK1 – TRY1 interface were proposed [104,155].  

Article II and Article III aim at elucidating the molecular structure of SPINK1 – TRY1 

complexes and focus on differences between SPINK1 WT and the N34S variant. Molecular 

dynamics simulations were used in Article II in order to compare the structural ensembles of 

both complexes. Two distinct states were investigated with state I representing the “normal” 

catalytic triad and state II featuring a deprotonated Ser200 and a protonated His63 resembling 

the transition state during catalysis. Major structural movements in the entire SPINK1 

backbone were found in state II for SPINK1 WT and the N34S mutant (Figure 6A and 6B). 

Structure ensembles clustered in state A/B and C/D. However, pinpointing differences between 

SPINK1 WT and N34S was difficult regardless of the respective state. Using transition path 

sampling, a slightly lower energy barrier was found for the SPINK1 N34S transition from 

state II A/B to state II C/D, which would in principle indicate an easier path towards the 

transition state and could lead to faster cleavage of the K41-I42 scissile bond in the SPINK1 

N34S mutant compared to wild type (Figure 6C). Based on this observation, reduced 

proteolytic stability of the SPINK1 N34S variant was hypothesized.  

 

Figure 6: SPINK1 transition from state II A/B to state II C/D. (A) Porcupine plot of the SPINK1 WT transition from 
state II A/B to C/D. (B) Same as (A) but for SPINK1 N34S. (C). Energy landscape obtained from transition path 
sampling of the A/B to C/D transition. Figures are adapted from Kulke et al. [168]. 
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Article III experimentally ties crystal structures of SPINK1 WT and the N34S variant in complex 

with TRY1 to their functional properties. TRY1 was expressed, refolded and purified as 

described in Article I. SPINK1 was expressed in SHuffle T7 Express cells at 16°C and purified 

by nickel affinity chromatography (Figure 7A).  

The interaction of both SPINK1 variants was analyzed by colorimetric equilibrium competition 

binding assays, using Nα-Benzoyl-L-arginine 4-nitroanilide hydrochloride (L-BAPA) as 

substrate (Figure 7B). Due to the tight binding of SPINK1 to TRY1 a lag phase of 5 h was used 

to ensure full equilibration of the system before following the substrate conversion at 405 nm. 

Both SPINK1 WT and SPINK1 N34S display inhibition constants (Ki) below 50 pM, confirming 

previous observations of the N34S variant not showing reduced inhibitory potential.  

Despite showing similar inhibitory properties in equilibrium, point mutations can often introduce 

changes in binding kinetics that are not observed in equilibrium. Hence, surface plasmon 

resonance (SPR) was used to determine association (ka) and dissociation rates (kd) of the 

SPINK1 – TRY1 complexes. In order to ensure surface stability, the catalytically inactive TRY1 

S200A variant was immobilized to a CM5 sensor chip followed by single cycle kinetics 

experiments (Figure 7C and 7D). Both SPINK1 variants exhibited similar kinetic properties and 

very high complex stability with kd-values of 2 × 10-4 s-1. Dissociation constants (Kd) are similar 

to the Ki-values obtained using the chromogenic, solution-based assay, although their values 

differ by one order of magnitude. Both methods show affinities in the sub-nanomolar range.  

Isothermal titration calorimetry (ITC) was used to determine binding enthalpies (ΔH) of the 

SPINK1 – TRY1 complexes. TRY1 S200A was placed in the sample cell and SPINK1 in the 

syringe. The high affinity of the interactions prohibits direct measurements of Kd using ITC and 

due to the lack of an appropriate competitor, Kd-values were not determined and taken from 

previous SPR measurements. Sufficient spacing between injections was ensured before peak 

integration and binding enthalpies were determined (Figure 7E and 7F). Binding of both 

SPINK1 variants is enthalpically driven with a ΔH of about -10 kcal mol-1. 
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Figure 7: Biophysical characterization of SPINK1 – TRY1 interactions. (A) Analytical size exclusion of free 
SPINK1 (yellow), free TRY1 (blue) and SPINK1 – TRY1 complexes (black). (B) Trypsin activity assay with SPINK1 
WT (yellow) or SPINK1 N34S (pink). (C) SPR single cycle experiments of the SPINK1 WT – TRY1 interaction. (D) 
Same as (C) but for SPINK1 N34S. (E) Isothermal titration calorimetry of the SPINK1 WT – TRY1 interaction. (F) 

Same as (E) but for SPINK1 N34S. Figures are adapted from Nagel et al. [169]. 

For crystallization, the catalytically inactive TRY1 S200A variant was used and SPINK1 – TRY1 

complexes were purified by size exclusion chromatography. Enzyme – inhibitor complexes 

crystallized in space group P3121 using the hanging drop vapor diffusion method with 15% 

PEG 4000 and 0.3 M (NH4)2SO4 as reservoir solution. Crystals were briefly soaked in reservoir 

solution containing additional 7% PEG 400 as cryoprotectant before cryocooling in liquid 

nitrogen. The SPINK1 WT – TRY1 S200A complex was refined up to 2.9 Å and the 

SPINK1 N34S – TRY1 S200A complex up to 2.1 Å. Attempts of crystallizing SPINK1 

complexes with active TRY1 were unsuccessful, most likely due to digestion of the enzyme, 

even in the inhibited state. Phases were solved by molecular replacement using human 

cationic trypsin (pdb: 1TRN) and a SPINK1 mutant (pdb: 1CGI) as search models.  

In accordance with the standard mechanism of canonical inhibitors, both SPINK1 variants 

interact with TRY1 in a substrate like manner (Figure 8A). The specificity determining Lys41 

residue in SPINK1 penetrates into the S1 binding pocket and interacts with Asp194 in TRY1 

(Figure 8B). The canonical conformation of the binding loop is stabilized by Asn56 in SPINK1, 

which interacts with the Lys41 adjacent P2 and P1' residues, likely supporting the re-synthesis 

of the K41-I42 peptide bond after cleavage. The carbonyl-carbon of Lys41 faces the oxyanion 

hole formed by Gly198 and Ala200 and Tyr33 in SPINK1 forms a cation-pi bond with Arg101 

in TRY1. 

The electron density was generally well defined with the major exception being the loop in 

SPINK1 carrying the N34S mutation. Probably due to the lack of interactions with TRY1 the 

loop is very flexible, which is also reflected in the high B-factors in that region (Figure 8C). 

Flexibility of the mutated loop in both structures and the absence of interactions with TRY1, 
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except for a cation-pi bond between Tyr33 in SPINK1 and Arg101 in TRY1, explains the lack 

of functional consequences due to the N34S amino acid substitution.  

 

Figure 8: Structure and superposition of SPINK1 – TRY1 complexes. (A) Structure and superposition of TRY1 
(cyan) in complex with SPINK1 WT (yellow) and SPINK1 N34S (pink). The black arrow indicates the position of the 
N34S mutation. (B) Lys41 interacting with Asp194 in the S1 binding pocket. (C) Structure of the SPINK1 
N34S – TRY1 structure with SPINK1 colored according to B-factors. (D) Catalytic triad of the SPINK1 N34S – TRY1 
complex. The 2Fo-Fc density map is shown 1.6 Å around residues of the catalytic triad and Tyr99 and Thr40 in 
TRY1 and SPINK1, respectively. Electron density around the sulfate ion and a water molecule is shown as well and 

contoured at 1.5 σ. The figure was adapted from Nagel et al. [169]. 

 

Unexpectedly, His63 of the catalytic triad was found to be in an atypical trans conformation 

with very well-defined density, indicating little structural flexibility (Figure 8D). Normally in 

serine proteases, His63 is found sandwiched between Asp107 and Ser200 forming a 

catalytically productive arrangement of the catalytic triad. In both SPINK1 – TRY1 structures 

however, His63 is found facing away from the catalytic triad and towards a sulfate ion, which 

might contribute to stabilizing the trans conformation. The unusual rotamer conformation is 

further stabilized by Tyr99 in TRY1 and Thr40 in SPINK1. It is unclear whether the observed 

rotamer conformation is an artifact due to the S200A mutation or crystallization conditions, or 

whether it is part of the inhibitory mechanism of SPINK1. However, no crystal contacts are in 

close proximity to His63 and most structures reported in the protein data bank featuring the 

S200A mutation still show His63 in the usual gauche+ conformation. It is thus tempting to 

speculate that the trans conformation of His63 might be part of the inhibition mechanism, 

effectively removing the proton acceptor for Ser200 and thereby preventing the proteolytic 

cleavage of the SPINK1 inhibitor. Furthermore, the influence of SPINK1 binding on the His63 

conformation was demonstrated by molecular dynamics simulations with changes in the 

rotamer conformation of His63 always being preceded by a conformational change in Thr40 of 

SPINK1. Thus, the change in rotamer conformation of His63 may have biological relevance 

and could enhance the proteolytic stability of the SPINK1 inhibitor. 
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SPINK1 backbone influence on inhibition (Article IV) 

 

Canonical serine protease inhibitors all possess a similar, canonical binding loop and inhibit 

their target proteases through the standard mechanism. The canonical binding loop features a 

similar geometry in all 18 families, but it is stabilized by very different supporting scaffolds, 

indicating that the standard mechanism of inhibition evolved independently several times 

[170,171]. Based on the similarity of binding loops among the different families, intra- and 

interscaffolding additivity principles were extrapolated. However, exceptions have been found 

for both additivity principles. Loop exchange variants between two unrelated canonical 

inhibitors do not show similar affinity and evolve different consensus sequences in directed 

evolution experiments [172]. In Article IV the influence of the Kazal backbone on binding 

properties of SPINK1 was analyzed. Through phylogenetic analysis of trypsin-targeting 

SPINK1 homologues in other mammalian species, two distinct P2-P1 sub-clusters were 

identified with the amino acid combinations Thr-Lys or Pro-Arg appearing to have co-evolved 

(Figure 9A). Hence, SPINK1 mutations were introduced to generate the four possible P2-P1 

combinations. In addition, mouse and naked mole SPINK1 were expressed and purified, as 

they feature identical binding loops to the SPINK1 T40P K41R and the T40P variant, 

respectively. AlphaFold models of mouse and naked mole SPINK1 were generated and 

compared to the SPINK1 WT crystal structure. No differences in the overall structures were 

predicted but circular dichroism (CD) experiments indicate slightly different secondary 

structure compositions. Affinity and binding kinetics towards TRY1 were characterized by 

colorimetric enzymatic assays and surface plasmon resonance (SPR) (Figure 9B and 9C). The 

SPINK1 T40P variant displayed at least 10-fold increased affinity, which is almost exclusively 

attributed to a 10-fold increase in complex half-life (Figure 9D). Van’t Hoff and Eyring analyses 

show that proline as P2 residue results in a more favorable entropy term compared to 

threonine. Despite featuring the identical T40P binding loop, naked mole SPINK1 displayed 

20-fold lower affinity towards TRY1 and was the lowest affinity binder out of all variants tested. 

TRY1 does not possess a distinct S2 binding pocket, although L104 is able to provide some 

hydrophobic stabilization. Despite the lack of a designated binding pocket, proline at the P2 

position highly influences the binding affinity of the SPINK1 – TRY1 interaction using the 

human SPINK1 backbone. The increased affinity can be explained through loop rigidification 

by proline, locking the loop in the canonical conformation and therefore, an overall more 

favorable geometry.  

It is unclear whether the increased affinity observed for the SPINK1 T40P variant is exclusive 

for the interaction with TRY1. Hence, all SPINK1 variants were tested for affinity and binding 

kinetics towards human TRY2, bovine trypsin and porcine trypsin. For human TRY2, SPINK1 

T40P again showed a drastic increase in affinity and complex half-life and binding of all 



29 
 

SPINK1 variants was generally stronger than for human TRY1. Again, naked mole SPINK1 

was among the weakest binders, despite the identical T40P binding loop. Bovine and porcine 

trypsin were barely affected by any of the variants but appeared to prefer the human Kazal 

backbone compared to mouse and naked mole (Figure 9F). Thus, substituting the P2 residue 

in human SPINK1 significantly improves the affinity and complex stability towards the two 

major human trypsin isoforms, but has no significant influence on the interaction with trypsin 

from the other tested species.  

 

 

Figure 9: Functional characterization and comparison of SPINK1 variants. (A) Multiple sequence alignment of 
selected SPINK1 sequences and consensus sequences of SPINK1 homologues containing Lys or Arg as P1 
residue. (B) Activity assay of TRY1 with different SPINK1 variants. (C) SPR single cycle kinetic experiments of 
SPINK1 – TRY1 interactions. (D) Comparison of complex half-life (t1/2) of SPINK1 – TRY1 interactions. (E) Changes 
in affinity of different SPINK1 variants compared to human wild type expressed as log2(fold change). (F) Changes 
in t1/2 of different SPINK1 variants compared to human wild type expressed as log2(fold change). The figure was 
adapted from Nagel et al. (Article IV). 

In addition, the influence of pH on the SPINK1 variant interactions with TRY1 was 

characterized kinetically. Lowering the pH from 7.4 to 5 resulted in a 16-fold increase in Kd-

values for all variants, but the kinetics of mouse and naked mole SPINK1 were much more 

influenced compared to the human variants indicating a higher susceptibility towards pH 

changes of the these SPINK1 homologues.  
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In brief, a SPINK1 T40P variant displaying 10-fold increased affinity and complex stability was 

generated. The importance of the P2 residue on loop geometry and binding strength as well 

as differences between trypsin isoforms from different species was highlighted and the 

influence of the Kazal backbone on enzyme – inhibitor interactions was shown. Because Kazal 

inhibitors often serve as starting points for generating therapeutic molecules, our data suggest 

optimizing the canonical binding loop supporting scaffold in addition to the canonical binding 

loop itself in order to generate higher affinity, more stable and pH resistant inhibitors.  

 

Summary 

 

This thesis provides insights into the regulation of tryptic activity in pancreatic acinar cells. It 

lays the structural and functional foundation of trypsin self-regulation and trypsin inhibition by 

its inhibitor SPINK1. The molecular basis of two of the most frequently encountered mutations 

in pancreatitis patients was established and insights into the inhibition mechanism of SPINK1 

were obtained.  

The first crystal structure of human anionic trypsin (TRY2) was reported (Article I). Perhaps 

because it is the first structure of any human trypsin isoform that crystallized uninhibited, the 

structure shows a TRY2 – TRY2 dimer in a state representative of the first step of 

autoproteolysis. Induced fit movements of the autolytic loop and the resulting interface of the 

homodimer explain previous observations of the Arg122-containing loop possessing weak 

inhibitory potential. A corresponding TRY1 – TRY1 dimer was modelled and equilibrated using 

molecular dynamics simulations. The interface is similar to the TRY2 homodimer and can be 

used to explain the functional relevance of pancreatitis-associated mutations. Additionally, the 

R122H mutation in TRY1 is the most frequently encountered mutation in patients with 

hereditary pancreatitis. In the TRY1 homodimer, Arg122 penetrates deeply into the S1 binding 

pocket and contributes significantly to the binding affinity. By substituting this highly exposed 

arginine, an autolytic site in trypsin is removed, cleavage of which is generally considered the 

first step of an autoproteolytic failsafe mechanism. Furthermore, autoinhibition at high 

concentrations is also diminished. Knowledge of the trypsin homodimer interface will 

accelerate the assignment of functions to newly discovered mutations in the future. 

In addition to autoproteolysis and autoinhibition, tryptic activity in zymogen granules is inhibited 

by SPINK1. An N34S mutation, which is common in the general population, has been 

associated with chronic pancreatitis over two decades ago. Our structure function analysis of 

SPINK1 – TRY1 complexes indicate small structural differences between the wild type and 

N34S complexes (Article II and Article III). However, these differences are minor and unlikely 
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to translate into clinical effects. Shortly after the discovery of the N34S mutation it became 

known that reduced inhibitory activity is not the disease-causing mechanism of this variant. 

This thesis expands on that knowledge by showing equal kinetic and thermodynamic behavior 

of both SPINK1 variants and explains the lack of functional consequences of the N34S 

mutation through high loop flexibility and the absence of productive interactions with TRY1 in 

the area surrounding the N34S mutation.  

Therefore, it is unlikely that the pathomechanism of the N34S mutation occurs at the protein 

level. Linkage disequilibrium of the N34S variant with mutations in non-sequenced regions 

upstream of the SPINK1 promoter region offer one possible explanation and a potential 

candidate was recently identified [173]. 

Mechanistically, binding of SPINK1 appears to affect the conformation of the residues forming 

the catalytic triad, although crystallization conditions and introduced mutations may also have 

had an influence. Specifically, His63 transitions from the normally observed gauche+ to the 

trans conformation, disrupting the productive catalytic triad arrangement. The rotamer change 

removes the proton acceptor and prevents the formation of the acyl-intermediate. The trans 

conformation is then stabilized by Thr40 in SPINK1. Physiologically, this mechanism likely 

increases the proteolytic stability of SPINK1 by preventing cleavage of the K41-I42 scissile 

bond. 

Furthermore, a SPINK1 T40P variant displaying 10-fold increased inhibitory potency was 

generated (Article IV). Introduction of the mutation selectively improved binding to the two 

major human trypsin isoforms, but did not influence binding to porcine or bovine trypsin. It will 

be interesting to investigate, whether the absence of Thr40 in SPINK1 destabilizes the 

observed trans conformation of His63 in Article III. The evolutionary rationale for a threonine 

as P2 residue in human SPINK1, despite possessing lower affinity compared to proline, might 

be a tradeoff between binding affinity and proteolytic stability. 
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Supporting Information 

 

Figure S10: Backbone r.m.s.d. of the TRY1-TRY1 dimer equilibration. 

 

 

Figure S11: Model of the TRY1 homodimer. TRY1– Arg122 is colored cyan and Val123 is colored in dark-blue. 
The TRY1 – TRY1 complex shows one monomer in cartoon representation and one in surface representation. 
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Figure S12: Arg122 – Val123 distance in TRY1 during MDS. 

 

 

Figure S13: Superposition of the TRY2 – TRY2 and α-CT dimer. The lower chains were superimposed and 
TRY2 is shown in green and the α-CT dimer is shown in gray. Data from Blevins et al.32 
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Figure S14: Influence of Tyr154 sulfation. Arg122 and Val123 are highlighted in pink. The sulfate moiety was 
modeled into the TRY2 structure with the sulfated tyrosine and interacting residues shown in light and dark green, 
respectively. 
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Supporting Information 

 

Figure S1. TRY1 p.S200A – SPINK1 WT interaction interface. 

 

Figure S2. Interactions between TRY1 p.S200A and SPINK1 WT. SPINK1 WT is shown in yellow and TRY1 
p.S200A in cyan. (A) Lys41 in SPINK1 interacts with the specificity determining Asp194 in TRY1. (B) Asn56 in 
SPINK1 stabilizes the binding loop by hydrogen bonding with Thr40 and Ile42. (C) Tyr33 in SPINK1 forms a 
cation – pi bond with Arg101 in TRY1 and is hence pulled outwards. (D) Catalytic triad of the 
TRY1 p.S200A – SPINK1 complex. In the complex structure His63 faces towards the sulfate ion and away from the 
catalytic triad. The 2Fo – Fc density map is shown 1.6 Å around the residues of the catalytic triad and is contoured 
at 1.0 σ. 
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Figure S3. Distribution of distances between Ser200 and Asp107 of the catalytic triad during MDS. Distances were 
evaluated between complexes with His63 in trans (green) or gauche+ (orange) conformation.   

 

 

 

Figure S4. Interactions of Tyr154 with SPINK1 WT. SPINK1 WT is shown in yellow and TRY1 p.S200A in cyan.  
Tyr154 interacts with Tyr43 and Pro55 in SPINK1. Physiologically Tyr154 is sulfated, which weakens the interaction 
of SPINK1 with TRY1 due to steric hindrance.  
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List S1. Serine protease structures with p.S200A mutations. 4/74 structures (5.4 %) show alternative His63 

conformations. Structures with alternative His63 conformations are highlighted in red. 

4FXG 5JPM 2XW9 2XWB 5ZLZ 5BRR 4XSK 3PB1 2O8W 2O8U 4ZKS 5WXT 2PUX

 2PV9 3K65 4HZH 4RN6 3SQE 3LU9 1TB6 4DT7 3SQH 3B9F 2B5T 1DM4 1JOU

 1JMO 4H6S 4H6T 3KCG 4IS5 4ISL 5LYO 6BQM 6AOD 6TS4 6I44 1L4D 1BML

 1DDJ 1L4Z 6D3Z 1MZA 1MZD 2GD4 5VOE 5VOF 2R9P 3L3T 5C67 3P92 4U32

 6HAR 3L33 6GFI 5JBT 4U30 6BX8 3P95 4DG4 4B2B 4B2C 4B2A 4B1T 1OPH

 4WXV 2RA3 3TGJ 1YLC 3FP8 1YKT 3FP7 1YLD 1K9O 
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