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I Abbreviations 

 

aa    amino acid 

AFM   atomic force microscope 

Asp   asparagic acid 

bp    base pairs 

CaCl2   Calcium chloride 

CASP   calcium sensing receptor 

CD    circular dichroism 

CFTR   cystic fibrosis transmembrane conductance receptor 

CTRC   chymotrypsinogen C 

Cys   Cysteine  

d    depth 

DMEM   Dulbecco’s Modified Eagle Medium 

DNA   desoxyribonucleic acid 

Δx    potential width 

E    elasticity 

E.coli   Escherichia coli 

EDC   1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide 

eFJC   extended freely jointed chain 

F    force 

F*    loading rate 

f    frequency 

Gly   Glycine 

h    hour 

HEK   Human Embryonic Kidney cells  

His    Histidine 

Ile    Isoleucine 

k    spring constant 

kB    Boltzmann constant 

kDa   kiloDalton 

koff    dissociation constant 

l    length 

LB    lysogeny broth 

Lys   Lysine 
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mA   miliAmpere 

µg    microgramm 

min   minutes 

ml    mililitre 

µl    microlitre 

mM   milimolare 

NaCl   Sodiumchloride 

NaH2PO4   Monosodium phosphate 

NHS   N-Hydroxysuccinimide 

Ni    Nickel 

nm    nanometer 

pcDNA   plasmid cloning desoxyribonucleic acid 

PEG   polyethyleneglycol 

pN    picoNewton 

PRSS   serine protease 

RCA   Radio Corporation of America 

RT    room temperature 

SDS-PAGE  sodium dodecyl sulfate polyacrylamide gel electrophoresis 

Sec   seconds 

Ser   Serine 

SMFS   single molecule force spectroscopy 

SPINK1   serine protease inhibitor Kazal type 1 

SPR   surface plasmon resonance 

T    temperature 

TAP   trypsinogen activation peptide 

TIA   trypsin inhibition assay 

Tris   tris(hydroxymethyl)aminomethane 

U    voltage 

UV    ultraviolet 

V    volt 

w    width 

zF    deflection 
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III Summary 

 

Serine protease inhibitor Kazal type 1 (SPINK1) plays an important role in preventing 

pancreatitis by inhibiting activated trypsin in the pancreas. The N34S variant of 

SPINK1 was found to be associated with chronic pancreatitis. However, this mutation 

is also expressed in the healthy population, indicating that the mutation alone does 

not cause the disease.  

In this study, we investigated at single molecular level the effect of pH on the binding 

characteristics of human cationic trypsin to SPINK1 by single-molecule force 

spectroscopy (SMFS).  

We found that at pH 8.0, trypsin shows twice the binding force to wild type SPINK1 

(90.9 pN ± 3.9 pN) compared to the N34S mutant (47.3 pN ± 3.9 pN). An acidic pH of 

4.8 results in a lower binding forces for trypsin-wild type SPINK1 (41.9 pN ± 4.0 pN) 

to a similar level as the binding force of trypsin-N34S mutant (54.6 pN ± 4.6 pN) 

complexes. These results are complemented by dynamic force spectroscopy findings 

which show a higher stability of the wild type SPINK1-trypsin complexes at pH 8.0 in 

comparison to N34S mutant-trypsin complexes. In addition, the binding profiles for 

both wild type and N34S mutant SPINK1 to trypsin equalize at pH 4.8.  

Our results indicate that the presence of the mutation in the healthy population would 

most probably not affect the interaction with trypsin at acidic pH such as physiological 

conditions in pancreatic acinar cells. However, an increase in pH, leads to a 

difference of binding strength between SPINK1 or N34S mutant towards human 

cationic trypsin. These findings may be relevant for understanding the role of SPINK1 

and its mutation N34S in the pathogenesis of pancreatitis. 
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1 Introduction 

1.1 Pancreatitis 

 

Pancreatitis is defined as an inflammation of the pancreas. This organ is located in 

the abdomen near the stomach and duodenum and consists of endocrine and 

digestive exocrine tissue (Figure 1). The pancreas produces digestive enzymes as 

well as various hormones. 

  

 

Figure 1. Depiction of the pancreas. Pancreas is located next to the stomach and 

the duodenum showing the duct and acinar cells [19]. 

 

Pancreatitis can occur in two forms, namely the acute and the chronic pancreatitis. 

Both go along with pain in the upper abdomen, nausea and vomiting. With the acute 

form, the patients have also fever. Mostly this disease is caused by gallstones 

blocking the common bile duct, alcohol abuse, but also certain medication, infections 

or tumors can lead to it [43]. Chronic pancreatitis results in symptoms such as weight 

loss, fatty stool and diarrhea. Frequently, it develops from the acute form and it is 

often associated with alcohol abuse. Other causes for this disease can be high levels 

of blood fats, high blood calcium or genetic disorders. In 2015, approx. 8.9 million 

cases of pancreatitis were globally registered, 132.700 leads to death [61]. 30 per 
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100,000 people a year suffer from acute pancreatitis and 8 per 100,000 people per 

year develop chronic pancreatitis [42]. Furthermore, chronic pancreatitis can lead to 

pancreatic cancer and diabetes mellitus [18] because it alters irreversibly the 

morphology of the pancreas and impairs the endocrine and exocrine functions [20, 

64]. A rare form of chronic pancreatitis is the hereditary chronic pancreatitis which is 

inherited autosomal dominant [16].  

It is generally accepted that chronic pancreatitis is an autodigestive disease caused 

by premature activated trypsin in the pancreas [13]. The genes associated with 

chronic pancreatitis are also known, namely encoding for cationic trypsinogen 

(PRSS1) [12, 63], anionic trypsinogen (PRSS2) [66], serine protease inhibitor Kazal 

type 1 (SPINK1) [10, 47, 65], chymotrypsinogen C (CTRC) [57], cystic fibrosis 

transmembrane conductance receptor (CFTR) [14, 53] and calcium sensing receptor 

(CASP) [21].  

 

1.2 Trypsin  

 

Trypsin is an important digestive enzyme expressed in acinar cells of exocrine 

portion of pancreas. There are nine trypsinogen genes named from T1 to T9. Three 

of them (T4, T8 and T9) are well characterized and encode for cationic trypsinogen 

(PRSS1), anionic trypsinogen (PRSS2) and mesotrypsinogen (PRSS3), respectively. 

These are the most common isoforms of trypsinogen and represent 30% of human 

pancreatic secretory proteins.  

Trypsinogen is synthesized as a 247 aa pre-zymogen on ribosomal rough 

endoplasmic reticulum where a 15 aa signal peptide (displayed in grey in Figure 2) is 

removed. Trypsinogen is then transported to Golgi complex for storing in secretory 

granules and after secretion in pancreatic duct, trypsinogen is released in duodenum 

by an extracellular calcium signal where it is activated by an enterokinase cleavage 

of an 8 aa activation peptide (shown green in Figure 2) [24].  
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Figure 2. Amino acid sequence of human cationic trypsinogen (PRSS1). The 

protein consists of 247 aa. The signal peptide is shown in grey and activation peptide 

in green. In red is shown the catalytic triad residues His63, Asp107 and Ser200 and 

in blue the amino acids, which form the substrate-binding pocket (Asp194, Gly217, 

Gly227). 

 

Activated trypsin is a trigger for the activation cascade of many other pancreatic 

digestive proenzymes as chymotrypsinogen, proelastase and prophospholipase. 

Trypsinogen can also activate itself on a low level [11].  

The catalytical triade of trypsin consists of His63, Asp107 and Ser200 (displayed in 

red in Figure 2) and to specify the target, a substrate binding pocket is assembled of 

Asp194, Gly217 and Gly227 (shown blue in Figure 2) [17]. The aspartate residue 

forms a strong electrostatic bond with arginine and lysine residues of the substrate. 

Trypsin hydrolyses the C-terminal peptide bond of one of these both amino acids. 

Both glycine residues of substrate binding pocket allow the access of large amino 

acid chains into the hydrophobic pocket [17].  

Furthermore, trypsin has two calcium binding sites to stabilize the enzyme. One is for 

the protection of autolysis and thermal denaturation and the other is at the N-

terminus of the activation peptide to regulate autoactivation of trypsinogen [15].  

If trypsinogen undergoes premature activation within the pancreatic acinar cells 

without any inhibition, it leads to autodigestion of the pancreas and subsequently, 

pancreatitis (Figure 3) [56, 62].  
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Figure 3. Schematic of impact of SPINK1 on trypsin. If trypsinogen is prematurely 

activated to trypsin, it leads to autodigestion leading to pancreatitis. SPINK1 inhibits 

this process by binding trypsin as a target substrate. 

 

1.3 SPINK1 

 

Serine protease inhibitor Kazal type 1 (SPINK1) is a small globular protein secreted 

by acinar cells in the exocrine pancreas [32] and has a molecular weight of 6.2 kDa 

[48]. It consists of 56 amino acids with three intramolecular disulfide bonds Cys9–

Cys33, Cys16–Cys35 and Cys24–Cys56 (shown in yellow in Figure 4).  

 

Figure 4. Molecular model of SPINK1. In yellow is depicted the intramolecular 

disulfide bond Cys9- Cys33, Cys16- Cys35 and Cys24- Cys56 [46].  
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The 237 bp gene of SPINK1 is located on chromosome 5 with four exons and 

encodes for a precursor protein with an additional 23 aa signal peptide [3, 29]. This 

signal peptide leads the protein to the endoplasmic reticulum where it is removed, 

and the mature protein folds in its functional form. 

SPINK1 prevents the autodigestion of the pancreas by binding trypsin through its 

active site Lys18 and Ile19 to catalytic serine residue of trypsin and inhibiting as a 

target substrate (Figure 5) with competitive inhibition mechanism in 1:1 binding 

stoichiometry [38, 45, 48].  

 

 

Figure 5. Molecular model of trypsin-SPINK1 complex. Trypsin (PRSS1) is shown 

in blue and yellow, SPINK1 is the red part. The two calcium-binding sites are 

illustrated with the activation site of calcium binding being lost by activation and 

release of trypsinogen activation peptide (TAP) [58] 

 

20% of the total activated trypsin is inhibited only by SPINK1 [59]. There are several 

known mutations associated with pancreatitis. Three of these mutations are located 
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in the signal peptide (L12T, L14R and L14P) [34] and seven in the mature peptide 

SPINK1 (N34S, G48E, D50E, Y54H, P55S, R65Q, R67C) [5, 35].  

 

1.3.1 SPINK1 mutation N34S 

 

N34S is the most common mutation and highly associated with hereditary chronic 

pancreatitis [1, 23, 27, 40, 47, 60, 65]. This mutation arises in an exchange in DNA-

sequence of adenosine to guanine on codon 34 which leads to amino acid 

substitution from asparagine to serine (Figure 6) [65]. 

 

 

Figure 6. Primary amino acid sequence of mature SPINK1. Exchange of 

asparagine (N) to serine (S) of the SPINK1 variant N34S is shown in red. 

 

N34S mutation was found in up to 25% of chronic pancreatitis patients, but also in 

approximately 1.5% of healthy population [23, 27, 40, 60]. Statistical studies in 

Europe and the United States found heterozygous N34S mutation in 12.6 % in 

pancreatitis patients and in 1.9 % of healthies. Homozygous N34S mutation was only 

in 3.6 % of patients traceable, but not in the healthy population [64].  

Although different hypotheses about the influence of N34S mutation were reviewed 

regarding reduced inhibitory effect and binding affinity, altered expression levels, 

alternative splicing, and exon skipping as well as misfolding, none of them has been 

confirmed so far [33, 35, 37, 54]. However, there is another hypothesis that N34S 

does not cause the disease by itself, but gives preference to it [47]. This suggests 

that an additional factor, which correlates with this mutation, may lead to pancreatitis.  
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1.4 Atomic force spectroscopy to investigate SPINK1-trypsin interaction 

 

The atomic force microscope (AFM) belongs to the scanning probe microscopes and 

was developed in 1985 by Binning et al. [4]. In contrast to scanning electron 

microscopes, the imaging of the sample surface does not occur by lenses rather by 

force interaction between the sample surface and the probe. Mapping these 

interactions, the data points will be displayed in an x-y level. The resulting profile 

gives not only topographic information but also data about conductivity and elasticity. 

The probe consists of a cantilever with sensitive tip on its free end directed to the 

sample shown in Figure 7. Applying a force on the tip the cantilever deflects a laser 

beam, which is detected by a photodiode. A piezo electric element moves the 

cantilever in three directions. The vertical z direction has a high resolution and is only 

limited by the thermal drift. Horizontal directions (x, y) are limited by curvature of the 

cantilever [7]. 

 

 

Figure 7. Schematic of AFM setup. A laser beam is deflected by the cantilever to a 

photodiode while scanning the surface of a sample. 

 

For imaging a sample surface (Figure 8) there are two different modes: static 

(contact) and dynamic (non-contact or tapping) mode depending on vibrations or 
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oscillations of the cantilever at certain frequencies [4]. With non-contact mode, it is 

possible to study fragile biological systems without damaging them.  

 

Figure 8. Imaging of plasmids using non-contact mode. This picture represents 

the imaging technique of molecules by AFM [2]. 

 

Another application of the AFM is the force spectroscopy. This is a very sensitive 

technique to investigate the forces in biological systems in air and in liquid to simulate 

physiological conditions. Here, the cantilever-surface interaction is measured directly 

by moving the probe also in z-direction [26]. This procedure results in so-called force 

distance curves and are plots of the probe deflection versus separation of cantilever 

and sample surface. With the very small spring constant of the cantilever, the AFM is 

able to sense such low forces in the range of a few pN.  

During force spectroscopy, the system undergoes several stages shown in a 

schematic of a force distance curve (Figure 9). First, the distance of the cantilever to 

the sample surface is high and no force affects the cantilever. While approaching the 

surface, the cantilever bends to the surface in case of attractive forces (e.g. van-der-

Waals or electrostatic forces). Sometimes, a “jump-to-contact” is observable when 

the cantilever reaches the surface. Being in contact, the cantilever is deflected 

proportional to the defined piezo position. With the slope of approaching and the 
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spring constant of the cantilever, the detected signal by photodiode can be calculated 

into a force. After a certain time of contact and defined maximum deflection, the 

cantilever is retracted from the surface. The cantilever bends again to the surface 

until the applied force exceed the attractive force. This is the rupture event seen by a 

peak in the retraction curve.  

 

Figure 9. Schematic of a force-distance curve combined with cantilever action. 

The blue line represents the approaching curve and the red line is the retraction 

curve. (1) the cantilever is at starting position and moves to the surface; (2) the 

cantilever jumps to contact; (3) the cantilever applies a defined force on the surface; 

(4) the cantilever retracts; (5) the cantilever leaves the surface abruptly at the rupture 

event; (6) the cantilever is back at the starting position [50]. 

 

The cantilever deflection of interatomic interactions is calculated by Hooks law, 

because the cantilever behaves like a spring resulting in a linear force curve: 

𝐹 = 𝑘 ∙ 𝑧F 

Where F is the force, k is the spring constant and zF is the deflection. Generally, it 

describes the interaction between tension and stretching. 
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For determining the spring constant there are several strategies described in more 

detail as follows. One is a hypothetically calculation and refers to the geometry of the 

cantilever: 

𝑘 =  
𝐸 ∙ 𝑤 ∙ 𝑑3

4 ∙ 𝑙3
 

Where E is the elasticity module depending on the material, w is the width, d is the 

depth and l is the length of the cantilever. 

Another strategy determines the spring constant by the Cleveland calculation: 

𝑘 = 2 ∙ 𝑤 ∙ (𝜋 ∙ 𝑙 ∙ 𝑓)3 ∙ √
𝜌3

𝐸
 

Where f is the resonance frequency and ρ is the density. 

In this work, we used the thermal tune procedure, which does not require any specific 

parameters of the cantilever (i.e. geometry or material data). The software of JPK 

uses this method for calibration of the cantilever. Sensitive cantilevers are able to feel 

thermal fluctuations (Brownian motion), which the AFM can measure and analyze. In 

the thermal noise spectrum is the fluctuation plotted against the frequency (Figure 

10), so the greatest amplitude is around the resonance frequency of the cantilever 

and depends only on the spring constant [30]. The thermal resonance curve is fitted 

to a Lorentz function to calculate the spring constant. 

 

Figure 10. Thermal noise spectrum of cantilever. To determine the spring 

constant the JPK software uses the thermal noise procedure. In this spectrum the 

fluctuation of the cantilever is plotted against the frequency [31]. 
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To calculate the cantilever sensitivity a force curve is measured with a hard surface. 

The repulsive contact region is a function of the change of deflection and the change 

in piezo height (Figure 11).  

 

Figure 11. Determining sensitivity of the cantilever. Plot of the retraction curve 

(blue) and the approaching curve (red) of a cantilever against a hard surface. 

Sensitivity is a function of the change of deflection and the change in piezo height 

[31]. 

 

This results in: 

𝑧𝐹 =
𝑈

𝑆
, 

where U is the voltage, which is measured by the photodiode and S, is the 

sensitivity. 

In the approach curve are several forces observable such as the attractive van-der-

Waals forces, which appear in a jump-to-contact peak depending on force between 
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tip and sample. Van-der-Waals forces are electromagnetic forces between dipole 

moments, which can distinguish in three categories: the Keesom interactions 

between permanent dipoles, Debye interaction between a permanent dipole and an 

induced dipole and the London dispersion force between two induced dipoles.  

Repulsive electrostatic forces as described with the Pauli Exclusion Principle, which 

states that, an orbital of atoms can contain maximum two electrons, which should 

have opposing spin and appear in a smooth slope due to the charge of tip and 

sample with ions. Solvation force come up in high salt concentrations resulting in 

repulsive interaction between hydrated ions on tip or sample. 

In the retraction curves, adhesion forces by van-der-Waals forces are visible and also 

hydrophobic forces are observable.  

Measuring in liquid conditions prevents capillary forces, which appear in air by 

capillary condensation and would result in an attractive force to the cantilever tip. 
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1.5 Aims of the thesis 

 

Previously, circular dichroism (CD) spectroscopy experiments showed that lowering 

the pH (from pH 8.0 to pH 4.8) leads to structural changes in SPINK1 and N34S 

mutant). By surface plasmon resonance (SPR) was found that the binding of SPINK1 

to human cationic trypsin decreases at acidic pH, but without a significant difference 

between SPINK1 and its N34S mutant [6].  

Moreover, it is already known, that pH changing affects also trypsinogen activation 

[36, 52]. However, insights into interactions of trypsin with either SPINK1 or its N34S 

variant remain unclear. 

The aims of this thesis are: 

i)  to investigate the binding force between SPINK1 and trypsin in comparison with its 

mutant N34S and trypsin 

ii)  to study the influence of pH changing on the binding force of trypsin and SPINK1 

as well as the mutant N34S and trypsin 

iii) to consider the impact of pH shifting on binding kinetics of trypsin and SPINK1 or 

N34S mutation respectively 

For these experiments we used the atomic force microscope to provide new insights 

at molecular level of this binding process. 
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2 Materials and methods 

 

2.1 Material 

 

Autoclave DX-45 Systec, Wettenberg, Germany 

Bacterial shaker innova40 New Brunswick Scientific, Nürtingen, 

Germany 

Centrifuge HERAEUS FRESCO 21 Thermo Fisher, Darmstadt, Germany 

Centrifuge Sorvall Evolution RC Thermo Fisher, Darmstadt, Germany 

Centrifuge Allegra X-15R Beckman Coulter, Krefeld, Germany 

Chemiluminescence detector 

ChemiSmart 5100 

Peqlab, Erlangen, Germany 

Gel Dock XR imaging system Bio-Rad, Munich, Germany 

JS-4.750 Swinging bucket rotor Beckman Coulter, Krefeld, Germany 

pH meter Seven Easy Mettler Toledo, Gießen, Germany 

Photometer NanoDrop 2000c Thermo Fisher, Darmstadt, Germany 

Scale Excellence XS64 Mettler Toledo, Gießen, Germany 

SDS-PAGE Mini-PROTEAN tetra cell Bio-Rad, Munich, Germany 

SDS-PAGE PowerPac Basic Bio-Rad, Munich, Germany 

Affinity column HisTrap excel 5 mL GE Healthcare, Freiburg, Germany 

BD Falcon Primaria Cell Culture dish BD, Franklin Lakes, USA 

Fast protein liquid chromatography 

(FPLC) Äkta Explorer  

GE Healthcare, Freiburg, Germany 

Incubators Binder, Tuttlingen, Germany 

Microscope Nikon Eclipse TS100 Nikon, Tokyo, Japan 

Sterile bench Mars Safety Class 2 Labogene, Lynge, Denmark 

T-75 tissue culture flasks Greiner Bio-One, Frickenhausen, 

Germany 

Amicon Ultra-15 Centrifugal Filter Unit Merck Chemicals, Darmstadt, Germany 

Centrifugal spin filters (0.22 µm) Corning, Corning, USA 

Mixed cellulose ester membrane filters 

(0.22 µm) 

Merck Chemicals, Darmstadt, Germany 

Whatman syringe top filters (0.22 µm) GE Healthcare, Freiburg, Germany 
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Lysogeny broth (LB) medium Roth, Karlsruhe, Germany 

PureLink HiPure Plasmid Maxiprep kit Thermo Fisher, Darmstadt, Germany 

NEB-5α New England Biolabs, Frankfurt am 

Main, Germany 

Dulbecco’s Modified Eagles medium 

(D-MEM) 

Biowest, Nuaillé, France 

Human embryonic kidney (HEK) 293T 

cells 

Personal stock from Doreen Biedenweg 

Opti Minimal Essential Medium 

(OptiMEM) 

Thermo Fisher, Darmstadt, Germany 

Transfection reagent TransIT-LT1 MoBiTec, Göttingen, Germany 

Bicinchoninic acid (BCA) assay Sigma Aldrich, Taufkirchen, Germany 

Coomassie Simply Blue Safe Stain Thermo Fisher, Darmstadt, Germany 

Native running buffer Thermo Fisher, Darmstadt, Germany 

Page Ruler, unstained, low range 

protein ladder 

Thermo Fisher, Darmstadt, Germany 

Primary SPINK1 antibody Antikoerper-online.de, Aachen, 

Germany 

Secondary, Horse Radish Peroxidase 

(HRP)-conjugated, anti-mouse antibody 

Jackson ImmunoResearch, 

Cambridgeshire, UK 

Tris/Glycine SDS-PAGE running buffer 

10x 

Thermo Fisher, Darmstadt, Germany 

Slide-A-Lyzer Mini Dialysis Device Thermo Fisher, Darmstadt, Germany 

Novex 8 - 16 % gradient Tris-glycine 

SDS gels  

Invitrogen, Carlsbad, US 

Pierce Silver Stain kit  Thermo Fisher, Darmstadt, Germany 

Q150T/ES Quorum Technologies, East Grinstead, 

United Kingdom 

Cantilevers with V-shaped tip Olympus Biolever, Tokyo, Japan 

Amine-coupling kit Bio-Rad Laboratories Inc, CA, USA 

Human cationic trypsin GenWay Biotech Inc, San Diego, USA 
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2.2 Methods 

 

2.2.1 Transformation of competent DH5α E. coli 

 

For copying the plasmid DNA (pcDNA 3.1 (-)) with SPINK1 wild type or mutated 

N34S sequence including a C-terminal His10-tag, a transformation of competent 

DH5α E. coli was carried out. 20 µL of competent DH5α E. coli were mixed with 1 µL 

of 5 µg/mL pcDNA and incubated for 30 min on ice. After a heat shock at 42°C for 60 

sec to make the bacteria membrane permeable for DNA uptake, the mixture was 

placed back on ice for 60 sec. Then, 300 µL of LB medium was added and the 

mixture was incubated at 37°C for 1 h under shaking. After this, 50 mL of the 

competent bacteria were plated on LB-Agar plates with 100 µg/mL ampicillin and 

incubated at 37°C for 24 h. One of the grown colonies was selected and placed in 2 

mL LB medium with 100 µg/mL ampicillin for 2 h at 37°C. Then, the whole incubated 

medium was added to 250 mL LB medium with 100 µg/mL ampicillin and incubated 

for further 24 h at 37°C under shaking conditions. 

The plasmid isolation was performed with a plasmid kit (QIAGEN,  Venlo, 

Netherlands) according to manufacturer protocol. Concentration of isolated pcDNA 

was determined with NanoDrop.  

 

2.2.2 Cell culture and transfection  

 

Human embryonic kidney 293T cells (HEK293T) were cultured in T75 cell culture 

flasks containing Dulbecco’s Modified Eagles Medium (DMEM) with additional 

supplements 10 % fetal calf serum, 4 mM L-glutamine and 1 % 

penicillin/streptomycin at 37°C in a humidified atmosphere with 5 % CO2.  

The HEK293T cells were transfected after 18 - 24 h from division. For transfection, a 

mixture of 30 µg plasmid DNA (pcDNA 3.1 (-) SPINK1 wild type or mutated N34S 

sequence including a C-terminal His10-tag) and 80 µL transfection reagent TransIT-

LT1 were prepared in 2 mL Reduced-Serum Medium OptiMEM. The mixture was 

incubated for 30 min at room temperature (RT). Further, DMEM cell culture medium 

was added. The transfected cell culture was incubated for 4 h at 37 °C and the 

DMEM medium was replaced by OptiMEM medium.  

Protein expression was carried out for 72 h starting from the point of medium change. 



 

 22 

 

2.2.3 SPINK1 purification  

 

The cell culture medium containing the secreted SPINK1 was harvested and 

centrifuged at RT for 30 min at 4750 g.  

For purification of both protein constructs by Ni2+ affinity chromatography via Äkta 

explorer, the supernatant was loaded on a HisTrap excel column with a flow rate of 1 

mL/min and the column was washed using phosphate buffer (20 mM NaH2PO4, 500 

mM NaCl, pH 7.4) containing 20 mM imidazole. An additional washing step with 

50 mM imidazole was included to remove unspecific bound proteins. The protein was 

eluted by phosphate buffer with 500 mM imidazole. 

Centrifugal filter units with a cut-off of 3 kDa were used to concentrate the protein to 

adequate amount. Afterwards, SPINK1 was dialyzed overnight at 4 °C in 3.5 kDa cut-

off cassettes containing the respective buffer.  

SPINK1 concentration was determined using a bicinchoninic acid assay kit according 

to manufacturer protocol. 

 

2.2.4 SDS-PAGE 

 

Protein purity was checked by SDS-PAGE using Novex 8 - 16 % gradient Tris-glycine 

SDS gels. Gels were loaded with a denaturated (5 min at 95°C) mixture of 24 µL 

protein sample and 4 µL sample buffer and run at 225 V for 35 min. After protein 

separation, gels were stained with a Pierce Silver Stain kit according to manufacturer 

protocol.  

 

2.2.5 AFM tip- and substrate functionalization and SPINK1 immobilization  

 

Substrates of silicon nitride were treated with the RCA standard procedure (water: 

ammonia: hydrogen peroxide (3:1:1) at 75 °C for 15 min) to remove contamination. 

After rinsing with pure water, samples were dried under nitrogen stream. The 

substrates were sputter-coated with Q150T/ES first with chromium (120 mA for 45 s) 

and then with gold (30 mA for 240 s).  

Gold-coated rectangular silicon nitride cantilevers with V-shaped tip and the 

substrates were exposed to ozone/UV (BioForce nanosciences, Utah, USA) for 30 

min for a further cleaning.  
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After this, both were incubated with 10 µg/mL thiol-PEG-acid (HS-PEG-COOH, 3.4 

kDa, Nanocs, USA) for 1 h at RT. After rinsing five times with water, the carboxyl 

groups of the PEG-linker were activated for 1 h by a mixture of 0.4 M EDC and 0.1 M 

NHS of an amine-coupling kit. Before incubation with the protein for 1 h at RT, 

cantilevers and substrates were again rinsed five times with water. 5 µg/mL human 

cationic trypsin were used for tip functionalization and 15 µg/mL SPINK1 were 

immobilized on the surface of the activated substrate. After rinsing with Tris/CaCl2 

buffer (100 mM Tris, 1 mM CaCl2, 0.05 % Tween20) to remove the unbound protein, 

free activated carboxyl groups of the PEG-linker were blocked with 1 M ethanolamine 

for 1 h.  

Force measurements were carried out immediately after preparation.  

 

2.2.6 Single molecule force spectroscopy  

 

The AFM gives us the opportunity to investigate molecular forces [22, 39]. Estimation 

of force-distance curves occurs by detection of cantilever deflection [9]. The applied 

force F results from cantilever deflection zF and its spring constant k using Hook’s law 

 

𝐹 = 𝑘𝑧F 

 

It is limited by the thermal fluctuation of the cantilever [28, 49].  

 

All force spectroscopy experiments were carried out in a liquid environment 

(Tris/CaCl2-buffer) to study the native biological process using a JPK Nano-Wizard 3 

(Berlin, Germany). The spring constant of the cantilever was calibrated before each 

experiment by thermal tune procedure [8, 30]. For single molecule force 

spectroscopy (SMFS) experiments, all force-distance curves were recorded at the 

same retraction velocity (100 nm s-1) to compare binding force between both SPINK1 

constructs.  

 

2.2.7 Dynamic force spectroscopy 

 

For determination of binding kinetics (i.e. dissociation rate koff), dynamic force 

spectroscopy was used and force-distance curves were recorded at different 

retraction velocities (ranging from 6.0 x 101 to 2.8 x 104 nm s-1). The trypsin-
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functionalized AFM tip was in contact with the SPINK1-immobilized substrate for 0.5 

s to allow binding. A 200 pN set point controlled the maximum force of the tip against 

the surface. For each condition, more than 1000 force-distance curves were recorded 

and triplicated. 

 

2.2.8 Data analysis of force spectroscopy  

 

To extract rupture forces and loading rates of the measured force-distance curves, 

data analysis was carried out using the JPK data processing software (version-spm 

5.0.91). Extracted rupture forces were plotted in histograms to calculate mean 

rupture forces with Gaussian distribution. For determining binding kinetics of dynamic 

force spectroscopy, mean rupture forces were plotted in a force vs. loading rate 

diagram: 

𝐹∗ =
𝑘𝐵 ∙ 𝑇

Δ𝑥
𝑙𝑛 

𝐹 ∙Δ𝑥

𝑘𝐵 ∙ 𝑇 ∙ 𝑘𝑜𝑓𝑓
, 

where kB is the Boltzmann constant, T is the temperature, Δx is the potential width, 

koff is the basal dissociation rate at zero force and F* is the loading rate. For 

determining F* the non-linear retraction curve was fitted using the extended freely 

jointed chain (eFJC) model [55]. The koff and Δx of the protein-protein-complex is 

determined by linear fitting of the logarithmically plotted data. 
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3 Results and Discussion 

 

3.1 Production of purified SPINK1 protein  

 

Recombinant His10-tagged SPINK1 proteins were purified by affinity chromatography 

as described in 2.2.3. Unspecifically bound proteins were removed from the Ni2+- 

HisTrap excel column with 10% elution buffer (50 mM imidazole). The final elution of 

SPINK1 proteins was carried out at 100% elution buffer (500 mM imidazole). The 

SDS-PAGE indicates high purity of the pooled fractions (Figure 12). A single band 

appears on the SDS-PAGE between 5 kDa and 10 kDa respecting the used marker 

(Page Ruler). The final yield after purification was 200 µg per 100 mL cell culture 

medium. 

 

Figure 12. SDS-PAGE of purified SPINK1. Wild type and N34S mutant including 

the His10-tag appeared at 7,6 kDa. 

 

3.2 The experimental AFM setup 

 

The experimental AFM setup was designed to test different conditions and for high 

reproducibility. The inhibitor protein SPINK1 (8 kDa) was immobilized on the 

substrate and the enzyme trypsin (23 kDa) on the cantilever (Figure 13). For the 

immobilization, we have chosen a specific PEG (HS-PEG-COOH) linker for several 
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reasons. While the thiol group binds to gold, the carboxyl group can be activated by 

EDC:NHS forming an amine-bond with protein [44]. The PEG-linker used in this study 

(3.4 kDa) increases the molecular mobility, enables free protein orientation and 

allows distinguishing between specific and non-specific interactions based on the 

distance of the rupture event.  

 

 

Figure 13. Schematic of the experimental setup. Trypsin is attached via a PEG 

linker to a gold-coated cantilever and SPINK1 protein is immobilized via PEG linker 

on a gold-coated silicon chip.  

 

Figure 14 shows a typical force-distance curve of a specific interaction between 

SPINK1 and human cationic trypsin. The AFM cantilever starts at a distance of 200 

nm and moves towards the substrate with a velocity of 1 µm/s (red curve) driven by a 

piezoelectric element. When it comes in contact with the surface, a preset set point of 

200 pN adjusts the force the cantilever exerts on the substrate. The cantilever 

pauses there for 500 µs to allow interaction of the molecules before it retracts from 

the surface (blue curve) with 0.1 µm/s. In case of a molecule-binding event, the 

cantilever has to apply a force over a certain distance visible in the blue curve. This 

occurs by stretching of the bound molecules before the bond breaks. The red circle in 

Figure 14 displays the rupture event.  
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Figure 14. Typical force-distance curve of a specific SPINK1-trypsin interaction. 

The red curve represents the approaching of the tip, the blue curve shows the 

retraction of the cantilever and the red circle marks the rupture event. 

 

The distance before the rupture event allows distinguishing between specific and 

non-specific interactions. At least the stretching of the PEG-linker is required to 

ensure that the interaction is specific. To exclude misinterpretations, several control 

experiments were carried out (Figure 15). Figure 15A shows a typical force-distance 

curve for bare cantilever vs. bare substrate. The cantilever applies clearly a force, 

however, no distance was covered. This is characteristic for gold-gold interaction. 

Figure 15B displays a typical force-distance curve for PEG-coated 

substrate/cantilever vs. bare substrate/cantilever and also both materials PEG-

coated. The force-distance curve is mainly flat and no kind of interactions is visible. 

Figure 15C shows a force-distance curve for trypsin-functionalized cantilever vs. bare 

substrate or SPINK1-immobilized substrate vs. bare cantilever. There is a small peak 

in the curve observable, but force as well as distance is too low for a specific 

interaction regarding the length of the PEG-linker as described above. 
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Figure 15. Control experiments for SMFS. (A) Shows a typical force-distance (f-d) 

curve for bare cantilever vs. bare substrate. Cantilever applied a force, however, no 

distance was covered, which is characteristic for gold-gold interaction. (B) Displays a 

typical f-d curve for PEG-coated substrate/cantilever vs. bare substrate/cantilever or 

both PEG-coated. No type of interactions is visible. (C) Shows a f-d curve for trypsin-

functionalized cantilever vs. bare substrate or SPINK1-immobilized substrate vs. bare 
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cantilever. There is a small peak in the curve observable, but force and distance are 

too small for a specific interaction.  

 

3.3 Effect of pH on the binding of SPINK1 to human cationic trypsin 

 

Single molecule force spectroscopy enables to compare the binding strength 

between SPINK1 or N34S mutant to trypsin. The distributions of measured rupture 

events between SPINK1 (black) and N34S mutant (red) to human cationic trypsin are 

shown in Figure 16. The force-distance curves were measured at the same loading 

rate (102 pN/s) to compare both SPINK1 constructs regarding the most probable 

rupture force. The loading rate (F* = νkeff) results from the pulling speed (ν), and the 

effective spring constant of the system (keff).  

Figure 16A shows the frequency of specific interactions at corresponding rupture 

forces at pH 8.0. For the best enzyme activity, pH 8.0 was taken as a standard 

condition for general trypsin experiments. Interactions between N34S mutant (red) 

and trypsin reveal a rupture force of 47.3 ± 3.9 pN. For the interaction of SPINK1 

(black) with trypsin, a broader distribution was found and the Gaussian fit estimated 

the most rupture events with a force of 90.9 ± 3.9 pN. This indicates a significantly 

stronger binding between SPINK1 and trypsin compared to the N34S variant.  

The SMFS experiments were repeated at an acidic pH of 4.8 and are shown in 

Figure 16B. Here, the interactions between N34S mutant and trypsin display a slight 

shift to a force of 54.6 ± 4.6 pN. In contrast, SPINK1 shows a decrease to a rupture 

force of 41.9 ± 4.0 pN, which is half of the force measured at pH 8.0.  
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Figure 16. Histograms of SMFS data showing the specific interactions of human 

cationic trypsin towards SPINK1 (black) or N34S mutant (red) at a loading rate of 102 

pN/s. Most probable rupture forces were determined by Gaussian fit for (A) SPINK1 

(90.9 pN ± 3.9 pN) and N34S mutant (47.3 pN ± 3.9 pN) at pH 8.0 and (B) SPINK1 

(41.9 pN ± 4.0 pN) and N34S mutant (54.6 pN ± 4.6 pN) at pH 4.8.  

 

Previous studies which used trypsin inhibition assays (TIA) to investigate the 

inhibitory effect of SPINK1 to trypsin [6, 34, 37] showed no significant difference 

between both SPINK1 constructs. SMFS is capable to be a direct and much more 

sensitive method compared to TIA. This could be a reason for having distinguishable 
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results in contrast to TIA studies. The histograms show two distributions for each 

SPINK1 construct. Particularly, for pH 4.8 (Figure 16) there are clearly separated 

peaks in the distribution for SPINK1 one around 30 pN and another around 80 pN. 

For the N34S mutant there are two peaks around 50 pN and 90 pN. Schneider et al. 

found two states of SPINK1 after building a complex with trypsin [51], one cleaved 

(between K41 and I42) and one uncleaved state. Possibly, the distributions indicate 

the both states of SPINK1 and N34S mutant. However, here it is not possible to 

distinguish between them. 

 

3.4 Dynamic force spectroscopy of SPINK1 to trypsin interaction under 

different pH 

 

Using dynamic force spectroscopy, we further determined the binding kinetics 

parameters (dissociation rate koff) between human cationic trypsin and both SPINK1 

constructs. Force-distance curves were recorded using a broad range of retraction 

velocities to obtain several loading rates ranging from 101 s-1 to 104 s-1. The 

measured rupture forces increased with higher retraction speed of the cantilever. The 

most probable rupture forces, which were calculated by Gaussian, fit of the 

respective force-histograms were plotted logarithmically against the corresponding 

loading rate. Figure 17A shows the different binding kinetics of SPINK1 (black) and 

N34S mutant (red) towards human cationic trypsin at pH 8.0. The koff for the trypsin-

SPINK1 complex (2.3 ×10−3 s−1) is lower than for the trypsin-N34S complex (koff = 7.2 

×10−1 s−1). This indicates a more stable trypsin-SPINK1 complex against the trypsin-

N34S complex at pH 8.0. Figure 17B displays dynamic force spectroscopy data at pH 

4.8 for both SPINK1 constructs interacting with trypsin. For N34S mutant, an 

approximately similar profile as for pH 8.0 is observable and has a dissociation rate 

koff = 4.8 ×10−1 s−1. This indicates that trypsin-N34S complex is not significantly 

affected by acidic pH conditions. The binding strength of SPINK1 to trypsin is 

reduced at lower pH to a similar koff = 8.8 ×10−1 s−1 like the trypsin-N34S complex. So 

far, studies of binding kinetics with other methods like SPR [6] found no indication for 

a significant difference between both SPINK1 constructs while interacting with 

trypsin. Dynamic force spectroscopy is substantially sensitive to estimate kinetic 

binding parameters on a molecular level excluding bulk effects. For instance, we 

avoid rebinding effects, which are a limitation in SPR systems [41]. 
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Figure 17. Dynamic force spectroscopy of trypsin and SPINK1. Diagrams 

showing the most probable rupture force plotted against the corresponding loading 

rate (logarithmically) for trypsin-SPINK1 (black) and trypsin-N34S mutant (red) 

interaction. The data points were gained from Gaussian fits of the respective rupture 

force histograms. Dissociation rates (koff) for (A) SPINK1 (2.3 ×10−3 s−1) and N34S 

mutant (7.2 ×10−1 s−1) at pH 8.0 and for (B) SPINK1 (8.8 ×10−1 s−1) and N34S mutant 

(4.8 ×10−1 s−1) at pH 4.8. 
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This is the first study, which reports a difference between SPINK1 and N34S 

mutation in trypsin binding under standard conditions (pH 8.0). Our results suggest 

that a pH shift in the pancreas could cause a change in binding properties of SPINK1 

and N34S mutant, which could explain the higher preference of pancreatitis with 

N34S mutation.  
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4 Conclusion and Outlook 

 

In this study, we used single molecule force spectroscopy (SMFS) to compare the 

binding between SPINK1 or its N34S variant towards human cationic trypsin at 

varying pH. At a constant loading rate, we observed that SPINK1 binds stronger to 

trypsin than its N34S variant at pH 8.0. We showed that lowering of pH to 4.8 

weakens the interaction of SPINK1 with trypsin significantly to a similar level like the 

N34S mutant. Additionally, a range of retraction speeds was compared to visualize 

the kinetics of the interaction between SPINK1 and N34S variant towards trypsin and 

found that binding of SPINK1 to trypsin is reduced by lowering the pH, while the 

N34S-trypsin interaction is nearly not affected. Thus, a changing of pH has an impact 

on the binding strength of SPINK1 to trypsin. When the pH increases, SPINK1 binds 

stronger to trypsin than the N34S mutant. This could be relevant to understand why 

N34S mutated SPINK1 is associated with pancreatitis, but also present in healthy 

population.   
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