
H Y P O T H E S I S

A Hypothesized Mechanism for Chronic Pancreatitis 
Caused by the N34S Mutation of Serine Protease 
Inhibitor Kazal-Type 1 Based on Conformational 
Studies

Martin Kulke 1 

Felix Nagel 1 

Lukas Schulig 2 

Norman Geist 1 

Marcel Gabor1 

Julia Mayerle3 

Markus M Lerch4 

Andreas Link 2 

Mihaela Delcea 1

1Institute of Biochemistry, University of 
Greifswald, Greifswald, Germany; 
2Institute of Pharmacy, University of 
Greifswald, Greifswald, Germany; 
3Department of Medicine II, Ludwig- 
Maximilian University of Munich, Munich, 
Germany; 4Department of Medicine a, 
University Medicine Greifswald, 
Greifswald, Germany 

Purpose: Although strongly related, the pathophysiological effect of the N34S mutation in 
the serine protease inhibitor Kazal type 1 (SPINK1) in chronic pancreatitis is still unknown. 
In this study, we investigate the conformational space of the human cationic trypsin-serine 
protease inhibitor complex.
Methods: Simulations with molecular dynamics, replica exchange, and transition pathway 
methods are used.
Results: Two main binding states of the inhibitor to the complex were found, which 
explicitly relate the influence of the mutation site to conformational changes in the active 
site of trypsin.
Conclusion: Based on our result, a hypothesis is formulated that explains the development 
of chronic pancreatitis through accelerated digestion of the mutant by trypsin.
Keywords: trypsin, molecular dynamics simulations, replica exchange, transition path 
sampling, umbrella sampling

Introduction
Pancreatitis is an inflammatory disorder of the pancreas. While acute and chronic 
pancreatitis were previously viewed as separated diseases, today they are regarded 
as a continuum, with nearly 30% of the patients exhibiting overlapping phenotypes 
that manifest as recurrent pancreatitis.1 Chronic pancreatitis (CP) develops from 
recurrent episodes of acute pancreatitis that lead to fibrosis, exocrine pancreatic 
insufficiency and diabetes. While initial triggers for pancreatitis are diverse, almost 
all of them result in premature activation of trypsin and subsequently other pro-
teases in pancreatic acinar cells. Therefore, pancreatitis is considered to be an 
autodigestive disorder caused by trypsin auto-activation, which is also supported 
by numerous mutations in the PRSS1 gene coding for human cationic trypsin 
(TRY1).2,3 The serine protease inhibitor Kazal-type 1 (SPINK1, also known as 
PSTI or TATI) represents the first line of defense against the trypsin auto-activation 
cascade by potently binding and inhibiting active trypsin. The inhibitor has a size of 
6.2 kDa and is co-located with trypsinogen and other zymogens in storage orga-
nelles called zymogen granules of pancreatic acinar cells. The c.101A>G point 
mutation is the most common variant of the SPINK1 gene, which results in a p. 
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N34S amino acid substitution and represents one of the 
most clinically relevant risk factors for chronic pancreatitis 
with almost 10% of the patients carrying the mutation, 
compared to 1% of the healthy population.4–6 Although 
the p.N34S mutation was identified over two decades ago 
and was subjected to many additional studies, the mechan-
ism of action of this variant remains enigmatic to 
this day.4,5,7,8 Hypotheses regarding the disease relevant 
function of this variant ranged from reduced inhibitory 
activity, misfolding, reduced expression or secretion to 
reduced proteolytic stability, structural alterations and sec-
ondary trigger mechanisms. While most of the aforemen-
tioned hypotheses have now been refuted, very little is 
known about the SPINK1 structure.9–16

Patient studies revealed that the p.N34S mutation 
alone is not sufficient to develop chronic pancreatitis, 
but must be combined with additional risk factors.17–19 

It can therefore be assumed that the p.N34S mutation does 
not lead to a complete destruction of functional SPINK1, 
but rather reduces either the kinetic properties or the 
number of correctly folded SPINK1 molecules. In an 
earlier study, we showed differing secondary structures 
of SPINK1 wild type (WT) and the N34S mutant by 
circular dichroism (CD) spectroscopy as well as different 
secondary structures at lower pH values.20 However, 
these minor changes could not be linked to different 
inhibitory activities of the two variants. The location of 
differing regions within the proteins could also not be 
precisely determined, which makes it difficult to assess 
the relevance of the relatively small changes in the sec-
ondary structure and their possible influence on the ter-
tiary structure of the inhibitor. It also remains unclear how 

the structures of SPINK1 and its N34S mutant behave in 
complex with its natural target trypsin (TRY1). In a recent 
study by Sun et al, the SPINK1-TRY1 complex structure 
was examined by docking and molecular dynamics simu-
lations and no significant difference in secondary struc-
ture content was reported, but the loop region around the 
mutation site was more flexible compared to the wild 
type.21

In addition, the complex association and dissociation 
rates of mutant and WT were examined and found to be the 
same within the margin of error.11,20 They argued that 
although these constants are experimentally indistinguish-
able, their theoretical results support a slight deviation of 
these rates, which leads to a lower inhibition potential of 
the p.N34S-mutated SPINK1.21

In the present study, we used molecular dynamic simu-
lations (MDS) to elucidate structural and kinetic features 
of the SPINK1-TRY1 complex and differences due to the 
p.N34S amino acid substitution in SPINK1. In particular, 
the secondary structure content in the complex and solu-
tion structure of SPINK1 for WT and the p.N34S mutant is 
examined. For the first time, the inactivation mechanism of 
SPINK1 through hydrolysis of K41-I42 is investigated and 
possible differences between WT and mutant are clarified 
(Figure 1). Based on these results, a hypothesis is formu-
lated that explains a reduction in active p.N34S-mutated 
SPINK1 compared to WT.

Materials and Methods
Model for the SPINK1-TRY1 Complex
To obtain the SPINK1-TRY1 complex, the crystal struc-
ture of human cationic trypsin (PDB code: 1TRN)22 was 

Figure 1 Complex formation for SPINK1 (orange) to TRY1 (blue) including the deactivation pathway of SPINK1 by cutting the K41-I42 peptide bond. The rate constants for 
the complexation/decomplexation of cut and uncut SPINK1 are indicated with k1,u/k−1,u and k1,c/k−1,c, respectively. The zooms on the right partially show the cutting 
mechanism of SPINK1, which is catalysed by the catalytic triad S200-H63-D107 of TRY1. Starting from state I, the hydroxy hydrogen atom is translated to the far ring 
nitrogen position of H63 to state II (rate constant k2). Afterwards, the deprotonated hydroxy oxygen atom of S200 coordinates to the carboxamide carbon atom of K41, 
while the carboxamide nitrogen atom (I42) attacks the previously translated hydrogen of H63 and the peptide bond is cleaved (rate constant k3). The system is finally 
recovered by the addition of water to state III (not shown here).
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superposed onto the structure of bovine chymotrypsinogen 
A in complex with SPINK1 (PDB code: 1CGI).23 The 
mutation sites K41Y, I42E and D44R in SPINK1, which 
were introduced to stabilize the complex structure during 
crystallization, were mutated back to the WT amino acids. 
In addition, Y154 was phosphorylated by TRY1 according 
to 1TRN22 and a structural calcium ion was added to the 
coordination site E75-N77-V80-E85. The resulting struc-
ture was solvated in explicit water, briefly minimized and 
equilibrated. The protonation states of the amino acids 
were then calculated using the H++ server assuming 
a pH of 7.24 In addition, a physiological sodium chloride 
concentration of 0.15 M was added while the total charge 
in the simulation cell was neutralized. Finally, after adjust-
ing the temperature and pressure in an NVT followed by 
an NPT ensemble, the complex was equilibrated for 21 ns 
in an NPT ensemble.

Molecular Dynamics Simulations
The SPINK1-TRY1 system was theoretically investigated 
with molecular dynamic simulations using the 
AMBER99SB-ildn force field,25 which was specially 
developed for the representation of proteins. The equation 
of motion was integrated with a Verlet integrator every 2 fs 
using the GROMACS-5.1 software package.26 The non- 
standard amino acid phosphotyrosine was represented with 
the FFPTM force field,27 while water is defined by the 
TIP3P model.28 The system is simulated with periodic 
boundary conditions in all spatial directions and the center 
of mass movement is removed every 200 fs. The tempera-
ture is set to 310 K for protein and non-protein separately 
by a modified V-rescale thermostat29 with a coupling con-
stant of 100 fs in order to prevent overcooling of the 
protein. The pressure is controlled by a Berendsen 
barostat30 to 1 bar with a coupling constant of 1 ps and 
isotropically pushing against the system by assuming 
a compressibility of 4.5e−5 bar−1. During the simulation, 
all bonds are constrained to their optimal length using the 
LINCS algorithm.31 Non-bonded interactions are consid-
ered with 12-6-Lennard-Jones and Coulomb functions up 
to a distance of 1 nm and the fast smooth Particle-Mesh- 
Ewald method with a 1 nm cutoff in direct space and 0.12 
nm grid spacing in reciprocal space.

Starting from the equilibrated TRY1-SPINK1 system, 
three independent simulations were carried out for differ-
ent simulation setups: 1) TRY1 in complex with WT 
SPINK1, 2) TRY1 in complex with p.N34S mutated 
SPINK1, 3) WT SPINK1 in solution, 4) p.N34S mutant 

SPINK1 in solution, 5) TRY1 in complex with WT 
SPINK1, but the S200 of TRY1 was deprotonated and 
the hydrogen was moved to the nitrogen of H63 to simu-
late an activated catalytic triad (Figure 1, state II) and 6) as 
5) but with p.N34S mutated SPINK1. All systems were 
again equilibrated before collecting data for at least 50 ns. 
The partial charges for deprotonated serine were deter-
mined with the standard Amber protocol using Gaussian 
2003.32

All simulated protein trajectories are visualized, atom- 
to-atom distances are analyzed and porcupine diagrams are 
carried out with VMD 1.9.2.33 The reaction coordinate 
was determined by aligning the protein backbone of 14 
frames along the trajectory of the TRY1-N34S SPINK1 
simulation, which included the flip of N37. After perform-
ing a coordinate principal component analysis of these 
frames using only the backbone of amino acids K102, 
K178, W216 of TRY1 and N34S, E35, N37, R65 of 
SPINK1, the first principal component is the reaction 
coordinate. The secondary structure content was estimated 
using the CPPTraj program.34

Replica Exchange Simulations
Replica exchange simulations based on the TIGER2hs35 

method were carried out for the equilibrated simulation 
setups 5) and 6). The extended sampling algorithm is imple-
mented in the NAMD 2.1336 engine and CUDA accelera-
tion. GROMACS topologies and coordinate files were 
transformed into the Amber format using ParmED,37 

while additionally applying the hydrogen mass partitioning 
scheme (HMR)38 to the solute. The time step was increased 
to 4 fs, whereby the RATTLE39 algorithm fixed the lengths 
of all bonds to hydrogen atoms. Short-range interactions 
based on Lennard-Jones and Coulomb potentials used a 0.9 
nm limit and 0.1 nm switching function. Long-distance 
electrostatics were described by particle mesh Ewald 
(PME) with a lattice spacing of 0.1 nm. The temperature 
was adjusted by a Langevin thermostat40 with a damping 
coefficient of 1 ps−1, while a Langevin piston barostat41 

applied pressure control to 1 bar at 100 ps intervals with 
a 200 ps decay time constant. A temperature range of 
300–370 K was spanned over 32 replicas in a pseudo- 
NVT ensemble.42 A TIGER2hs sampling cycle consisted 
of 16 ps rapid heating and sampling followed by 4 ps rapid 
quenching and cooling. Afterwards, the hybrid solvent 
energy was calculated. The amount of water molecules in 
the first two water layers was determined by analyzing the 
radial distribution function along the surface of the protein 
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after a short MD simulation at 310 K. 1080 explicit water 
molecules were considered for the hybrid solvent exchange 
phase.

Implicit solvent energies are evaluated by the GbobcII
43 

model using OpenMM 7.444 and periodic boundary condi-
tions. Non-bonded cutoffs were set to half the cell size. 
Exchange attempts were carried out between the current 
baseline and another randomly selected replica after the 
cooling phase according to the TIGER2 scheme.45 In each 
cycle, 32 exchange attempts were performed, while immedi-
ately swapping the temperatures of replicas after a successful 
attempt. The conformations from each successful exchange 
to the baseline were written to the trajectory. Before the next 
simulation cycle, all non-baseline replicas were assigned new 
temperatures based on their respective potential energy order.

Transition Path Sampling
Starting from the equilibrated system setups of 5) and 6), 
umbrella sampling simulations46 along the reaction coordi-
nate were performed using OpenMM 7.4.44 Thereby, the 
reaction coordinate was separated in evenly distributed 
values ranging from 1 to −1 in 0.05 steps with positive and 
negative values relating to state A/B and C/D, respectively. 
To obtain structures on the respective reaction coordinate 
bins, referred to as umbrellas, a harmonic force was applied 
in the reaction coordinate space with a force constant of 400 
kJ mol−1 nm−1, while constraining the structure in place 
through position restraints on Cα atoms in β-sheets and the 
geometric center defined by the amino acids K102, K178, 
W216 of TRY1 and N34S, E35, N37, R65 of SPINK1. Each 
umbrella was subjected to a 600 ps equilibration in a NPT 
ensemble with the temperature and pressure set to 310 K by 
a Langevin thermostat and 1 bar by a Monte Carlo barostat, 
respectively. Afterwards, each umbrella was sampled for 1 
ns, while reducing the force constant for the reaction coor-
dinate restrain in two separate runs to 5 and 10 kJ mol−1 

nm−1. The result was analyzed with the weighted histogram 
analysis method (WHAM).47

Results
Conformations in the Proximity of the 
Mutation Site
The secondary structure content of SPINK1 in complex with 
TRY1 and free in solution was analyzed. In contrast to the 
circular dichroism data presented in Buchholz et al,20 the 
secondary structure content of SPINK1 does not differ sig-
nificantly between the N34S mutant and WT (Table 1). In the 

complexed state, there are also no differences in the second-
ary structure content, but we found that the loop region 
spanned by amino acids 34–38 of SPINK1 has distinct con-
formations due to the steric hindrance caused by the binding. 
From these different states, a reaction coordinate is defined 
that covers the structures A–D (Figure 2A). Typically, the 
major binding states are A and B, which can also be found in 
the crystal structure.22 However, in 1 of 12 simulations of the 
complex, a change to the states C and D was observed. The 
structure was stable and did not fold back to A/B (Figure 2C, 
black N34S curve). As this observation is either a rare event 
or an artifact of the simulation, replica exchange molecular 
dynamics simulations (REMD) were performed to better 
understand the state distribution of the TRY1-SPINK1 com-
plex. Several states were found in C and D in the resulting 
structural ensemble, supporting the argument that this obser-
vation is rare (Figure 2D). Unfortunately, the REMD simula-
tion did not fully converge and the computational resources 
required to perform a converged simulation were beyond 
reasonable considerations. Therefore, these data can only 
be discussed qualitatively and the correct state populations 
are not accessible via REMD.

Conformational Changes of the Complex 
Based on the Reaction Coordinate State
To identify the conformational changes associated with the 
change in the reaction coordinate (Figure 2A), the last 
50,000 conformations from REMD simulations of the 
TRY1-SPINK1 complex were aligned with the backbone 
of TRY1 and averaged. Simulations were carried out for 
systems of the N34S mutant and the wild type in state A/B 
and C/D, respectively. The visualization of the porcupine 
plots shows that in the transition from state A/B to state C/ 
D, the overall structure of SPINK1 in the binding pocket 
for both SPINK1 forms rotates counterclockwise with 
respect to the SPINK1-TRY1 viewing axis (Figure 3A). 
This leads to interesting aspects of the relevant atom-atom 

Table 1 Secondary Structure Content Averaged for All SPINK1 
Amino Acids for the TRY1-SPINK1 Complex and Unbound 
SPINK1 (System Setups 1)–4))

TRY1-SPINK1 SPINK1 in Solution

Wild Type N34S Wild Type N34S

Helix 19% 19% 19% 20%

Sheet 18% 19% 18% 17%

Turn/bend 24% 23% 23% 23%
Coil 39% 39% 40% 40%

https://doi.org/10.2147/JIR.S304787                                                                                                                                                                                                                                    

DovePress                                                                                                                                                 

Journal of Inflammation Research 2021:14 2114

Kulke et al                                                                                                                                                            Dovepress

https://www.dovepress.com
https://www.dovepress.com


distances for the degradation. The distance between the 
hydroxy hydrogen atom of S200 and the far ring nitrogen 
of H63 for state I and II in A/B and C/D is always about 
0.2–0.25 nm, which indicates that the reaction from state 
I to state II is fast and reversible. In state II, however, the 
distances between the hydrogen of the distant ring of H63 
and the carboxamide nitrogen atom of I42 and between the 
hydroxy oxygen atom of S200 and the carbon atom of the 
peptide bond of K41 show great differences. They are both 
significantly reduced by going from state II A/B to C/D for 
WT and mutant (Figure 3B). In addition, these distances 
are generally smaller in the WT form.

Discussion
The Reaction Coordinate Includes 
a Major Energy Barrier
State A is stabilized by the polar interaction between N34S 
and R65 and is characterized by N37 and E35 being in 
a downward position with respect to amino acids W216 and 
K178 of TRY1 (Figure 2A). In state B, the N34S-R65 inter-
action breaks, causing E35 to move upwards. This allows N37 
to reach a binding pocket that is spanned by K178 and W216 
in state C. This conformation is stabilized by an interaction 
formed between E35 and K102. Finally, in state D, E35 moves 

back down to lock N37 in the binding pocket. In our opinion, 
the highest energy barrier for the transition between A/B and 
C/D is given by the rigidity of the system, and amino acids 
K102 and K65 act as gatekeepers preventing E35 from mov-
ing straight up. However, E35 has to move away for N37 to 
reach the upper binding pocket as the bulky amino acids K178 
and W216 prevent the movement through them.

Sun et al also examined the loop region around the 
N34S mutation site in molecular dynamic simulations 
involving the chymotrypsinogen A-SPINK1 complex.21 

They observed greater flexibility in the WT compared to 
the N34S mutant of this loop and argued that the mutation 
rigidifies the loop. We believe that their data is explained 
by the rare event described by the reaction coordinate. 
Although they performed more extensive molecular 
dynamics simulations on the complex with a total simula-
tion time of 5 μs, the event may only be observed a few 
times, resulting in non-converged ensembles for their WT 
and N34S mutant simulations. If the event occurs more 
frequently in the WT, the flexibility of the loop is higher 
because the transitions along the reaction coordinate result 
in a significant change in the loop dihedral angles (Figure 
2A). This suggests that the loop in the mutant is more 
rigid.

Figure 2 (A) The reaction coordinate as observed in one TRY1-N34S SPINK1 molecular dynamics simulation (cf. (C) black curve). Blue and orange labels indicate amino 
acids from TRY1 and SPINK1, respectively. The amino acids in stick representation are colored by their supposed functions, red binding pocket, orange key, pink steric 
barrier and green amino acids that have to pass the barrier. (B) Conformational state in relation to the reaction coordinate for SPINK1 in solution for WT and N34S mutant. 
The colors black, blue and red relate to three independent simulations. (C) Same as (B), but for SPINK1 in complex with TRY1 in state II (cf. Figure 1). (D) Conformational 
state in relation to the reaction coordinate of structures for the TRY1-SPINK1 complex in state II (cf. Figure 1) observed during a replica exchange simulation.
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Hypothesis for Differences in the 
Inhibition Behavior of the N34S Mutant
In formulating a hypothesis as to why the N34S mutant 
is a risk factor for chronic pancreatitis, the following 
assumptions are made. First, it is assumed that the 
binding of mutant and WT SPINK1 to TRY1 occurs 
mainly in state A or B (Figure 2A), as found in the 
crystal structure of bovine chymotrypsinogen A in 
complex with SPINK1 (PDB code: 1CGI). In this con-
text, it should be noted that in solution the mutant loop 
region of SPINK1 frequently crosses all states A–D 
(Figure 2B). This does not mean that the binding 

occurs in a random state as there is most likely 
a preference, but our data does not support any state-
ments about the exact probabilities. Secondly, phos-
phorylated TYR-154 as found in the crystal structure 
(PDB code: 1TRN)22 is used in the model instead of 
sulfated48 and it is assumed that both post-translational 
modifications exhibit the same effects in regard to the 
analyses performed in this study. While the effect of 
the sulfation is not clear in human cationic trypsin and 
phosphorylated and sulfated TYR are chemically simi-
lar, sulfation instead of phosphorylation can lead to 
slight differences in the binding conformations.49 The 
third assumption is that the difference between mutant 
and WT in terms of developing chronic pancreatitis is 
mainly kinetic in nature. This is supported by the fact 
that no conclusive conformational differences were 
found in the present or previous studies. The mutation 
also does not result in a misfolding or a complete 
absence of SPINK1, as this mutation alone is not 
enough to develop chronic pancreatitis and the muta-
tion is also present in the healthy population. Contrary, 
there is experimental evidence that the N34S mutant 
may be expressed significantly less than the wild type, 
which would also explain the development of chronic 
pancreatitis.50

In previous studies, kinetic inhibition and surface plas-
mon resonance spectroscopy experiments revealed that the 
association and dissociation constants of the SPINK1- 
TRY1 complex were not significantly different between 
WT and N34S.11,20 A recent study to the digestion of 
SPINK1 mutant and wild type by mesotrypsin showed 
also no difference.51 To the best of our knowledge, there 
is no current study that has investigated the kinetics of 
peptide hydrolysis for this system. Hence, the rate con-
stants k2, k3, k1,c and k−1,c could show differences between 
mutant and WT (Figure 1). A second consideration is that 
the rate constant in question should be the slowest of these 
constants to have the necessary effect. Since digestion 
appears to be the slowest process and the transition from 
state I to state II is fast and reversible, we focus on the rate 
constant k3. At this point, it can be assumed that digested 
SPINK1 has a significantly lower inhibitory potential than 
active SPINK1, since the inhibition strength of SPINK1 in 
enzyme tests diminishes measurably over time.52

Figure 3B shows that the average distances that are 
important for the digestion of SPINK1 in the active center 
are significantly smaller in state II C/D compared to state 
II-A/B. This means that SPINK1 is digested faster in state 

Figure 3 (A) Porcupine plots that show the structural difference when state II A/B is 
transitioned to state II C/D for the mutant right and WT left (cf. Figures 1 and 2A). The 
colors indicate the secondary structure elements for helix purple, sheet yellow, turns 
cyan and coil white. The marked arrows indicate the transposition of the Cα atoms with 
the color gradient blue-green-red for small-medium-large deviations, respectively. (B) 
Distance distributions in the active center between the hydroxy oxygen atom of S200 
and the carboxamide carbon atom of K41 (top), and between the far ring hydrogen of 
H63 and carboxamide nitrogen atom of I42 (bottom). The distributions are measured 
from respective REMD simulations in state II A/B and state II C/D of the mutant (N34S) 
and wild type (WT). (C) Free energy in kJ/mol along the reaction coordinate deter-
mined by transition path sampling of the wild-type solid and mutant dashed. (D) 
Histogram of the minimal distance between the amino acids N34S and R65 for wild- 
type black and mutant red.
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II C/D and that the transition from state A/B to C/D is 
a necessary activation step for digestion. While the popu-
lations of state A–D are similar for WT and mutant, the 
energy barrier between the transition from A/B to C/D is 
significantly higher for the WT (Figure 3C). We believe 
that this is related to the N34S-R65 interaction in SPINK1 
(Figure 2A). Since the side chain of serine at the mutation 
site is shorter than that of asparagine, the average mini-
mum distance increases and thus, the strength of the inter-
action is weakened (Figure 3D). This makes it easier for 
amino acid E35 to move upwards (Figure 2A–C) and 
lowers the barriers from A to B and especially from B to 
C. We propose that this step is the rate-limiting step in the 
digestive process and therefore the mutant is digested 
faster, because of the reduced energy barrier between 
states A/B and C/D.

This statement is of course debatable, as our data does 
not support conclusive explanations for the rate constant 
differences between the transition from A/B to C/D and the 
digestion in state II C/D. In addition, it is unclear whether 
the digestion rate for the WT in state II A/B is slower than 
for the mutant in state II C/D (Figure 3B). In this regard, we 
assume that the energy barriers in Figure 3C are signifi-
cantly higher for both WT and mutant, supporting the argu-
ment that this step determines the rate. This is due to the 
transition path sampling method used for this data. It 
depends on the force constant applied and the step size, as 
well as the atomic position constraint. Based on the restraint 
methods used, the atomic positions could still perform 
minor movements, which can lead to smaller measured 
forces, especially in high-energy states. This leads to 
a general reduction of the measured energy barriers between 
states. However, we expect this error to affect WT and 
mutant in the same way.

Conclusion
In the present study, the conformations of the TRY1-SPINK1 
complex were examined in detail using molecular dynamic 
simulations. Two binding populations A/B and C/D were 
identified, separated by a major energy barrier, which is sig-
nificantly lower in the case of the N34S SPINK1 mutant. It has 
been argued that this leads to a weaker TRY1 inhibition 
strength of the mutant, as it enables a faster digestion of 
SPINK1 by TRY1 compared to the WT. The authors want to 
clarify that the proposed mechanism is hypothetical and needs 
to be further validated in future experimental and theoretical 
studies. Nevertheless, it might be an explanation for incom-
plete penetrance of the disease phenotype in patients with 

chronic pancreatitis and a N34S mutation. Since the hypoth-
esis predicts that the mutant will be digested more quickly, 
a similar enzyme assay as in51 for N34S and WT SPINK1 with 
TRY1 can refute or support the proposed mechanism. 
The second prediction is that amino acids K102 of TRY1 
and E35, N37 and R65 of SPINK1 play an important role in 
the digestion of SPINK1. The N37S and R65Q mutants 
showed normal binding behavior to TRY1,51 but it will be 
interesting to investigate these mutants in the context of diges-
tion. Lastly, in this study, it is assumed that the state of binding 
of N34S mutant SPINK1 to TRY1 is similar to the state of 
binding of WT SPINK1 to bovine chymotrypsinogen 
A. A crystal structure of the N34S SPINK1-TRY1 complex 
will clarify this assumption.

Finally, a better understanding of the digestive mechan-
ism of SPINK1 caused by TRY1 can help to develop a more 
robust SPINK1 mutant that is hardly digested and can act as 
a drug for chronic pancreatitis caused by SPINK1.

Acknowledgments
We acknowledge the financial support from the European 
Research Council (ERC) Starting Grant ‘PredicTOOL’ 
(637877) to M.D. and by the European Union (research 
project ‘PePPP’, center of excellence MV: grant number 
ESF/14-BM-A55-0047/16).

Disclosure
The authors report no conflicts of interest in this work.

References
1. Weiss FU, Skube ME, Lerch MM. Chronic pancreatitis. Curr Opin 

Gastroenterol. 2018;34(5):322–329. doi:10.1097/MOG.0000000000 
000461

2. Whitcomb DC, Gorry MC, Preston RA, et al. Hereditary pancreatitis is 
caused by a mutation in the cationic trypsinogen gene. Nat Genet. 
1996;14(2):141–145. doi:10.1038/ng1096-141

3. Teich N, Rosendahl J, Tóth M, Mössner J, Sahin-Tóth M. Mutations of 
human cationic trypsinogen (PRSS1) and chronic pancreatitis. Hum 
Mutat. 2006;27(8):721–730. doi:10.1002/humu.20343

4. Witt H, Luck W, Hennies HC, et al. Mutations in the gene encoding 
the serine protease inhibitor, Kazal type 1 are associated with chronic 
pancreatitis. Nat Genet. 2000;25(2):213–216. doi:10.1038/76088

5. Pfützer RH, Barmada MM, Brunskill APJ, et al. SPINK1/PSTI poly-
morphisms act as disease modifiers in familial and idiopathic chronic 
pancreatitis. Gastroenterology. 2000;119(3):615–623. doi:10.1053/ 
gast.2000.18017

6. Aoun E, Chang -C-CH, Greer JB, Papachristou GI, Barmada MM, 
Whitcomb DC. Pathways to injury in chronic pancreatitis: decoding 
the role of the high-risk SPINK1 N34S haplotype using meta-analysis. 
PLoS One. 2008;3(4):e2003. doi:10.1371/journal.pone.0002003

7. Boulling A, Chen JM, Callebaut I, Férec C. Is the SPINK1 
p. Asn34Ser missense mutation per se the true culprit within its 
associated haplotype? Webmed Central Genet. 2012;3(2): 
WMC003084. doi:10.9754/journal.wmc.2012.003084

Journal of Inflammation Research 2021:14                                                                                          https://doi.org/10.2147/JIR.S304787                                                                                                                                                                                                                       

DovePress                                                                                                                       
2117

Dovepress                                                                                                                                                            Kulke et al

https://doi.org/10.1097/MOG.0000000000000461
https://doi.org/10.1097/MOG.0000000000000461
https://doi.org/10.1038/ng1096-141
https://doi.org/10.1002/humu.20343
https://doi.org/10.1038/76088
https://doi.org/10.1053/gast.2000.18017
https://doi.org/10.1053/gast.2000.18017
https://doi.org/10.1371/journal.pone.0002003
https://doi.org/10.9754/journal.wmc.2012.003084
https://www.dovepress.com
https://www.dovepress.com


8. Chen JM, Férec C. Chronic pancreatitis: genetics and pathogenesis. 
Annu Rev Genomics Hum Genet. 2009;10(1):63–87. doi:10.1146/ 
annurev-genom-082908-150009

9. Valmu L, Paju A, Lempinen M, Kemppainen E, Stenman U-H. 
Application of proteomic technology in identifying pancreatic secre-
tory trypsin inhibitor variants in urine of patients with pancreatitis. 
Clin Chem. 2006;52(1):73–81. doi:10.1373/clinchem.2005.056861

10. Kuwata K, Hirota M, Ogawa M. Functional analysis of pancreatic secre-
tory trypsin inhibitor protein with amino acid substitution. Int Congr Ser. 
2003;1255(C):193–196. doi:10.1016/S0531-5131(03)00201-2

11. Kiraly O, Wartmann T, Sahin-Toth M. Missense mutations in pancreatic 
secretory trypsin inhibitor (SPINK1) cause intracellular retention and 
degradation. Gut. 2007;56(10):1433–1438. doi:10.1136/gut.2006.115725

12. Boulling A, Le Maréchal C, Trouvé P, Raguénès O, Chen J-M J-M, 
Férec C. Functional analysis of pancreatitis-associated missense muta-
tions in the pancreatic secretory trypsin inhibitor (SPINK1) gene. Eur 
J Hum Genet. 2007;15(9):936–942. doi:10.1038/sj.ejhg.5201873

13. Kereszturi E, Kiraly O, Sahin-Toth M. Minigene analysis of intronic 
variants in common SPINK1 haplotypes associated with chronic 
pancreatitis. Gut. 2009;58(4):545–549. doi:10.1136/gut.2008.164947

14. Shimosegawa T, Kume K, Masamune A. SPINK1, ADH2, and 
ALDH2 gene variants and alcoholic chronic pancreatitis in Japan. 
J Gastroenterol Hepatol. 2008;23(s1):S82–S86. doi:10.1111/j.1440- 
1746.2007.05291.x

15. Sandhu B, Vitazka P, Ferreira-Gonzalez A, et al. Presence of 
SPINK-1 variant alters the course of chronic pancreatitis. 
J Gastroenterol Hepatol. 2011;26(6):965–969. doi:10.1111/j.1440- 
1746.2011.06713.x

16. Boulling A, Masson E, Zou W, et al. Identification of a functional 
enhancer variant within the chronic pancreatitis-associated SPINK1 
c.101A>G (p.Asn34Ser)-containing haplotype. Hum Mutat. 2017;38 
(8):1014–1024. doi:10.1002/humu.23269

17. Threadgold J. The N34S mutation of SPINK1 (PSTI) is associated 
with a familial pattern of idiopathic chronic pancreatitis but does not 
cause the disease. Gut. 2002;50(5):675–681. doi:10.1136/gut.50.5.675

18. Drenth JPH. Mutations in serine protease inhibitor Kazal type 1 are 
strongly associated with chronic pancreatitis. Gut. 2002;50 
(5):687–692. doi:10.1136/gut.50.5.687

19. Rai P, Sharma A, Gupta A, Aggarwal R. Frequency of SPINK1 N34S 
mutation in acute and recurrent acute pancreatitis. J Hepatobiliary 
Pancreat Sci. 2014;21(9):663–668. doi:10.1002/jhbp.111

20. Buchholz I, Nagel F, Klein A, et al. The impact of physiological 
stress conditions on protein structure and trypsin inhibition of serine 
protease inhibitor Kazal type 1 (SPINK1) and its N34S variant. 
Biochim Biophys Acta. 2020;1868(1):140281. doi:10.1016/j. 
bbapap.2019.140281

21. Sun Z, Kolssváry I, Kozakov D, Sahin-Tóth M, Vajda S. The N34S 
mutation of SPINK1 may impact the kinetics of trypsinogen activa-
tion to cause early trypsin release in the pancreas. bioRxiv. 
2020;1–23. doi:10.1101/2020.08.21.262162

22. Gaboriaud C, Serre L, Guy-Crotte O, Forest E, Fontecilla-Camps J-C. 
Crystal structure of human trypsin 1: unexpected phosphorylation of 
Tyr151. J Mol Biol. 1996;259(5):995–1010. doi:10.1006/jmbi.1996.0376

23. Hecht HJ, Szardenings M, Collins J, Schomburg D. Three-dimensional 
structure of the complexes between bovine chymotrypsinogen A and two 
recombinant variants of human pancreatic secretory trypsin inhibitor 
(Kazal-type). J Mol Biol. 1991;220(3):711–722. doi:10.1016/0022- 
2836(91)90112-J

24. Anandakrishnan R, Aguilar B, Onufriev AV. H++ 3.0: automating pK 
prediction and the preparation of biomolecular structures for atomis-
tic molecular modeling and simulations. Nucleic Acids Res. 2012;40 
(W1):W537–W541. doi:10.1093/nar/gks375

25. Maier JA, Martinez C, Kasavajhala K, Wickstrom L, Hauser KE, 
Simmerling C. ff14SB: improving the accuracy of protein side chain 
and backbone parameters from ff99SB. J Chem Theory Comput. 
2015;11(8):3696–3713. doi:10.1021/acs.jctc.5b00255

26. Abraham MJ, Murtola T, Schulz R, et al. Gromacs: high performance 
molecular simulations through multi-level parallelism from laptops to 
supercomputers. SoftwareX. 2015;1–2:19–25. doi:10.1016/j. 
softx.2015.06.001

27. Khoury GA, Thompson JP, Smadbeck J, Kieslich CA, Floudas CA. 
Forcefield_PTM: Ab Initio Charge and AMBER forcefield para-
meters for frequently occurring post-translational modifications. 
J Chem Theory Comput. 2013;9(12):5653–5674. doi:10.1021/ 
ct400556v

28. Jorgensen WL, Chandrasekhar J, Madura JD, Impey RW, Klein ML. 
Comparison of simple potential functions for simulating liquid water. 
J Chem Phys. 1983;79(2):926–935. doi:10.1063/1.445869

29. Basconi JE, Shirts MR. Effects of temperature control algorithms on 
transport properties and kinetics in molecular dynamics simulations. 
J Chem Theory Comput. 2013;9(7):2887–2899. doi:10.1021/ct400109a

30. Berendsen HJC, Postma JPM, van Gunsteren WF, DiNola A, 
Haak JR. Molecular dynamics with coupling to an external bath. 
J Chem Phys. 1984;81(8):3684–3690. doi:10.1063/1.448118

31. Hess B, Bekker H, Berendsen HJC, Fraaije JGEM. LINCS: a linear 
constraint solver for molecular simulations. J Comput Chem. 1997;18 
(12):1463–1472. doi:10.1002/(SICI)1096-987X(199709)18:12<14 
63::AID-JCC4>3.0.CO;2-H

32. Frisch MJ, Trucks GW, Schlegel HB, et al. Gaussian 03, Revision 
C. 02. Wallingford CT: Gaussian Inc; 2004.

33. Humphrey W, Dalke A, Schulten K. VMD - visual molecular 
dynamics. J Mol Graph. 1996;14(1):33–38. doi:10.1016/0263- 
7855(96)00018-5

34. Roe DR, Cheatham TE. PTRAJ and CPPTRAJ: software for proces-
sing and analysis of molecular dynamics trajectory data. J Chem 
Theory Comput. 2013;9(7):3084–3095. doi:10.1021/ct400341p

35. Geist N, Kulke M, Schulig L, Link A, Langel W. Replica-based 
protein structure sampling methods II: advanced hybrid solvent 
TIGER2hs. J Phys Chem B. 2019;123(28):5995–6006. doi:10.1021/ 
acs.jpcb.9b03134

36. Phillips JC, Braun R, Wang W, et al. Scalable molecular dynamics 
with NAMD. J Comput Chem. 2005;26(16):1781–1802. doi:10.1002/ 
jcc.20289

37. Case DA, Betz R, Botello-Smith W, et al. AMBER 2016. San 
Francisco: University of California; 2016. doi:10.1021/ct200909j

38. Hopkins CW, Le Grand S, Walker RC, Roitberg AE. Long-time-step 
molecular dynamics through hydrogen mass repartitioning. J Chem 
Theory Comput. 2015;11(4):1864–1874. doi:10.1021/ct5010406

39. Andersen HC. Rattle: a “velocity” version of the shake algorithm for 
molecular dynamics calculations. J Comput Phys. 1983;52(1):24–34. 
doi:10.1016/0021-9991(83)90014-1

40. Grest GS, Kremer K. Molecular dynamics simulation for polymers in 
the presence of a heat bath. Phys Rev A. 1986;33(5):3628–3631. 
doi:10.1103/PhysRevA.33.3628

41. Feller SE, Zhang Y, Pastor RW, Brooks BR. Constant pressure 
molecular dynamics simulation: the Langevin piston method. 
J Chem Phys. 1995;103(11):4613–4621. doi:10.1063/1.470648

42. Kulke M, Geist N, Möller D, Langel W. Replica-based protein 
structure sampling methods: compromising between explicit and 
implicit solvents. J Phys Chem B. 2018;122(29):7295–7307. 
doi:10.1021/acs.jpcb.8b05178

43. Nguyen H, Roe DR, Simmerling C. Improved generalized born 
solvent model parameters for protein simulations. J Chem Theory 
Comput. 2013;9(4):2020–2034. doi:10.1021/ct3010485

44. Eastman P, Swails J, Chodera JD, et al. OpenMM 7: rapid development 
of high performance algorithms for molecular dynamics. PLOS Comput 
Biol. 2017;13(7):e1005659. doi:10.1371/journal.pcbi.1005659

45. Li X, Latour RA, Stuart SJ. TIGER2: an improved algorithm for 
temperature intervals with global exchange of replicas. J Chem Phys. 
2009;130(17):174106. doi:10.1063/1.3129342

46. Kästner J. Umbrella sampling. Wiley Interdiscip Rev Comput Mol Sci. 
2011;1(6):932–942. doi:10.1002/wcms.66

https://doi.org/10.2147/JIR.S304787                                                                                                                                                                                                                                    

DovePress                                                                                                                                                 

Journal of Inflammation Research 2021:14 2118

Kulke et al                                                                                                                                                            Dovepress

https://doi.org/10.1146/annurev-genom-082908-150009
https://doi.org/10.1146/annurev-genom-082908-150009
https://doi.org/10.1373/clinchem.2005.056861
https://doi.org/10.1016/S0531-5131(03)00201-2
https://doi.org/10.1136/gut.2006.115725
https://doi.org/10.1038/sj.ejhg.5201873
https://doi.org/10.1136/gut.2008.164947
https://doi.org/10.1111/j.1440-1746.2007.05291.x
https://doi.org/10.1111/j.1440-1746.2007.05291.x
https://doi.org/10.1111/j.1440-1746.2011.06713.x
https://doi.org/10.1111/j.1440-1746.2011.06713.x
https://doi.org/10.1002/humu.23269
https://doi.org/10.1136/gut.50.5.675
https://doi.org/10.1136/gut.50.5.687
https://doi.org/10.1002/jhbp.111
https://doi.org/10.1016/j.bbapap.2019.140281
https://doi.org/10.1016/j.bbapap.2019.140281
https://doi.org/10.1101/2020.08.21.262162
https://doi.org/10.1006/jmbi.1996.0376
https://doi.org/10.1016/0022-2836(91)90112-J
https://doi.org/10.1016/0022-2836(91)90112-J
https://doi.org/10.1093/nar/gks375
https://doi.org/10.1021/acs.jctc.5b00255
https://doi.org/10.1016/j.softx.2015.06.001
https://doi.org/10.1016/j.softx.2015.06.001
https://doi.org/10.1021/ct400556v
https://doi.org/10.1021/ct400556v
https://doi.org/10.1063/1.445869
https://doi.org/10.1021/ct400109a
https://doi.org/10.1063/1.448118
https://doi.org/10.1002/(SICI)1096-987X(199709)18:12%3C1463::AID-JCC4%3E3.0.CO;2-H
https://doi.org/10.1002/(SICI)1096-987X(199709)18:12%3C1463::AID-JCC4%3E3.0.CO;2-H
https://doi.org/10.1016/0263-7855(96)00018-5
https://doi.org/10.1016/0263-7855(96)00018-5
https://doi.org/10.1021/ct400341p
https://doi.org/10.1021/acs.jpcb.9b03134
https://doi.org/10.1021/acs.jpcb.9b03134
https://doi.org/10.1002/jcc.20289
https://doi.org/10.1002/jcc.20289
https://doi.org/10.1021/ct200909j
https://doi.org/10.1021/ct5010406
https://doi.org/10.1016/0021-9991(83)90014-1
https://doi.org/10.1103/PhysRevA.33.3628
https://doi.org/10.1063/1.470648
https://doi.org/10.1021/acs.jpcb.8b05178
https://doi.org/10.1021/ct3010485
https://doi.org/10.1371/journal.pcbi.1005659
https://doi.org/10.1063/1.3129342
https://doi.org/10.1002/wcms.66
https://www.dovepress.com
https://www.dovepress.com


47. Bauer D. WHM v1.0.0; 2020. Available from: https://github.com/ 
danijoo/WHAM. Accessed April 23, 2021.

48. Sahin-Tóth M, Kukor Z, Nemoda Z. Human cationic trypsinogen is 
sulfated on Tyr154. FEBS J. 2006;273(22):5044–5050. doi:10.1111/ 
j.1742-4658.2006.05501.x

49. Ju T, Niu W, Cerny R, Bollman J, Roy A, Guo J. Molecular recogni-
tion of sulfotyrosine and phosphotyrosine by the Src homology 2 
domain. Mol Biosyst. 2013;9(7):1829. doi:10.1039/c3mb70061e

50. Kereszturi É, Sahin-Tóth M. Pancreatic cancer cell lines heterozy-
gous for the SPINK1 p.N34S haplotype exhibit diminished expres-
sion of the variant allele. Pancreas. 2017;46(6):e54–e55. 
doi:10.1097/MPA.0000000000000817

51. Szabó A, Toldi V, Gazda LD, Demcsák A, Tőzsér J, Sahin-Tóth M. 
Defective binding of SPINK1 variants is an uncommon mechanism 
for impaired trypsin inhibition in chronic pancreatitis. J Biol Chem. 
2021;296:100343. doi:10.1016/j.jbc.2021.100343

52. Kuwata K, Hirota M, Shimizu H, et al. Functional analysis of 
recombinant pancreatic secretory trypsin inhibitor protein with 
amino-acid substitution. J Gastroenterol. 2002;37(11):928–934. 
doi:10.1007/s005350200156

Journal of Inflammation Research                                                                                                     Dovepress 

Publish your work in this journal 
The Journal of Inflammation Research is an international, peer- 
reviewed open-access journal that welcomes laboratory and clinical 
findings on the molecular basis, cell biology and pharmacology of 
inflammation including original research, reviews, symposium 
reports, hypothesis formation and commentaries on: acute/chronic 
inflammation; mediators of inflammation; cellular processes; molecular 

mechanisms; pharmacology and novel anti-inflammatory drugs; clin-
ical conditions involving inflammation. The manuscript management 
system is completely online and includes a very quick and fair peer- 
review system. Visit http://www.dovepress.com/testimonials.php to 
read real quotes from published authors.   

Submit your manuscript here: https://www.dovepress.com/journal-of-inflammation-research-journal

Journal of Inflammation Research 2021:14                                                                                   DovePress                                                                                                                       2119

Dovepress                                                                                                                                                            Kulke et al

https://github.com/danijoo/WHAM
https://github.com/danijoo/WHAM
https://doi.org/10.1111/j.1742-4658.2006.05501.x
https://doi.org/10.1111/j.1742-4658.2006.05501.x
https://doi.org/10.1039/c3mb70061e
https://doi.org/10.1097/MPA.0000000000000817
https://doi.org/10.1016/j.jbc.2021.100343
https://doi.org/10.1007/s005350200156
https://www.dovepress.com
http://www.dovepress.com/testimonials.php
https://www.facebook.com/DoveMedicalPress/
https://twitter.com/dovepress
https://www.linkedin.com/company/dove-medical-press
https://www.youtube.com/user/dovepress
https://www.dovepress.com
https://www.dovepress.com

	Introduction
	Materials and Methods
	Model for the SPINK1-TRY1 Complex
	Molecular Dynamics Simulations
	Replica Exchange Simulations
	Transition Path Sampling

	Results
	Conformations in the Proximity of the Mutation Site
	Conformational Changes of the Complex Based on the Reaction Coordinate State

	Discussion
	The Reaction Coordinate Includes aMajor Energy Barrier
	Hypothesis for Differences in the Inhibition Behavior of the N34S Mutant

	Conclusion
	Acknowledgments
	Disclosure
	References

