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Protein misfolding of pancreatic secretory enzymes is increasingly recog-

nized as a contributor to chronic pancreatitis. Recently, missense pancre-

atic lipase (PNLIP) mutations that impair lipase secretion and cause

intracellular aggregation and endoplasmic reticulum (ER) stress have been

linked to the disease. Among these, A174P, G233E, and C254R are located

in the N-terminal domain, whereas V454F is situated in the C-terminal

domain of PNLIP. To elucidate how these mutations disrupt PNLIP struc-

ture, we performed detailed molecular dynamics simulations and structural

modeling of human PNLIP variants. Evolutionary conservation analyses

suggested that the mutation sites contribute to PNLIP structural stability.

All mutations, regardless of location, altered the residue interaction net-

work within the N-terminal PNLIP domain, consistently affecting Glu270.

Detailed structural analysis revealed that the A174P substitution disrupted

several helix-stabilizing hydrogen bonds, whereas the G233E mutation

introduced multiple local hydrogen bonds and caused structural distor-

tions. The C254R mutation abolished the native Cys254-Cys278 disulfide

bond and instead formed an alternative salt bridge destabilizing the lid

region. All three mutations altered stabilizing interactions mainly within

the N-terminal domain of PNLIP. Interestingly, the V454F substitution

exerted long-range allosteric effects, modulating key interactions also

within the N-terminal domain. Further structural analysis showed that

Phe454 in the variant became solvent-exposed, potentially leading to aggre-

gate formation through the mutation site. These observations provide a

molecular basis for PNLIP misfolding and its downstream proteotoxic

effects, supporting the development of targeted therapies for chronic

pancreatitis.

Introduction

Pancreatic lipase (PNLIP; EC3.1.1.3) consists of an

N-terminal a/b-hydrolase domain that carries the cata-

lytic site and a flexible surface loop, the lid that regu-

lates substrate access to the enzyme [1,2]. It also

possesses a C-terminal b-sandwich domain responsible

for binding the cofactor colipase [3]. Although bile

acids in the intestine can inhibit PNLIP, colipase bind-

ing protects the enzyme from inactivation [4]. Addi-

tionally, the human pancreas expresses and secretes

two pancreatic lipase-related proteins (PLRP1 and
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PLRP2), which are highly homologous with PNLIP

[5–8].
Protein misfolding is characterized by loss of protein

function, intracellular retention and aggregation. Secre-

tory proteins carrying misfolding mutations are typi-

cally recognized and retained in the endoplasmic

reticulum (ER) by a quality control system [9]. ER

retention of misfolded proteins can activate a signaling

cascade known as unfolded protein response (UPR),

which can lead to ER stress and cell death [10,11]. Mis-

folded secretory proteins are involved in a variety of dis-

eases, such as diabetes, alpha1-antitrypsin deficiency,

hypothyroidism, and chronic pancreatitis [12–15].
Chronic pancreatitis is a progressive inflammatory

disorder of the pancreas that can be triggered by mis-

sense mutations. In pancreatic proteases, such alter-

ations can promote pancreatitis progression by

inducing protein misfolding, intracellular retention,

and often ER stress [16–21]. Recently, an international

collaborative study identified multiple heterozygous

PNLIP missense variants in patients with chronic pan-

creatitis and control individuals [22]. Functional char-

acterization showed that the A174P, G233E, C254R,

and V454F variants displayed protein misfolding,

aggregation, and induction of ER stress, suggesting

that PNLIP misfolding may contribute to disease path-

ogenesis [23]. Clarifying the molecular mechanisms

underlying PNLIP misfolding and ER retention is

essential for developing targeted therapies. In this

study, we performed molecular dynamics simulations

and protein modeling to predict, analyze, and evaluate

the structural and functional consequences of

disease-associated PNLIP mutations and better under-

stand their roles in pancreatic pathophysiology.

Results

Pancreatic lipase-like enzymes are expressed in many

vertebrate species. Conserved amino acid residues con-

tribute to the structural stability of enzymes. To evalu-

ate the structural role of the investigated mutation

sites in PNLIP, we performed a complete evolutionary

amino acid conservation analysis (Fig. 1). The analysis

revealed that PNLIP residues Gly233, Cys254, and

Val454 are highly conserved (positional frequencies

99%, 100%, and 80% respectively), whereas residue

Ala174 exhibits intermediate conservation (positional

frequency 22%). At position 174, the nonpolar ali-

phatic residues valine, isoleucine, and leucine were also

observed with frequencies of 24%, 24%, and 10%,

respectively. In human PLRP1 and PLRP2, the corre-

sponding amino acid residues were identical to those

in PNLIP, with the exception of Ala174, which was

replaced by Val in both enzymes. Prediction of the

pathogenicity of PNLIP mutations A174P, G233E,

C254R, and V454F identified in chronic pancreatitis

cohorts suggested that A174P, G233E, and C254R are

likely pathogenic, whereas V454F showed an ambigu-

ous prediction (Table S1). The findings suggest that

these amino acid residues contribute to structural sta-

bility, and their mutation consequently causes PNLIP

misfolding.

First, we analyzed the PNLIP structure at the

full-molecule level to assess variant-induced alter-

ations. We performed radius of gyration analyses and

calculated the average and maximum radius of gyra-

tions for each frame of the trajectories (Fig. 2). Vari-

ants A174P, C254R, and V454F displayed radius of

gyration values comparable to the wild-type, while var-

iant G233E showed a somewhat increased radius, sug-

gesting an overall loosening or expansion of the

protein structure. To gain information on the general

mobility of individual residues, we calculated the root-

mean-square-fluctuation (RMSF) values for Ca with

complete protein alignment of the wild-type PNLIP

and G233E variant (Fig. 3A). We also performed

domain-specific trajectory alignments for both the N-

and C-terminal domains before RMSF calculations

(Fig. 3B). Interestingly, alignment of the whole PNLIP

revealed markedly increased RMSF values for the

C-terminal domain of the G233E variant compared to

the wild-type (Fig. 3A), whereas only subtle differences

were observed following independent domain align-

ments (Fig. 3B). Taken together, these results suggest

a relative motion between the N- and C-terminal

domains of the G233E PNLIP variant. The other vari-

ants exhibited RMSF values consistent with the

wild-type (Figs S1 and S2).

To examine whether the variants associated with

PNLIP misfolding display increased exposure of apo-

lar side chains on their surface, we compared the sol-

vent accessible surface area (SASA) of wild-type

PNLIP with that of its variants (Table S2). The calcu-

lations were performed for the complete residues of

the entire protein, considering strictly apolar residues

(Ala, Phe, Ile, Leu and Val) and a broader set that

also included Met, Trp, and Tyr. The calculated SASA

values revealed that the variants exposed a similar

amount of apolar residues on their surface as the

wild-type PNLIP. We also assessed whether the inves-

tigated mutations altered the alpha helix and beta

strand content of PNLIP at 37 °C and 277 °C
(Figs S3 and S4). The high temperature reduced the

overall secondary structure content but did not result

in substantial differences between wild-type PNLIP

and the variants.
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To investigate the alterations in residue–residue
interaction patterns between wild-type PNLIP and its

variants, we evaluated and compared the interactions

of wild-type PNLIP and its variants using the Key

Interaction Finder (KIF) program. Residues with the

highest KIF scores (> 0.7), indicating substantial dif-

ferences between the wild-type and variant interaction

networks, are shown in Fig. 4. Relative to wild-type

PNLIP, interaction network alterations in the A174P,

G233E, and C254R variants were observed mainly in

the N-terminal domain of the enzyme, in the vicinity

of the mutation sites. These network changes particu-

larly affected the active site of PNLIP. Notably, one

of these residues, His280, is part of the catalytic triad

of the lipase enzyme. Although the V454F mutation is

located in the C-terminal domain, substantial residue–
residue interaction changes were detected only in the

N-terminal domain, mostly in the same region

Fig. 1. Evolutionary conservation of the pancreatitis-associated mutation sites in the human PNLIP protein. (A) Conservation analysis was

performed with ConSurf [78], using multiple sequence alignment of PNLIP with 149 homologous sequences from invertebrates to

vertebrates and an associated phylogenetic tree. Highly similar (> 95%) and highly divergent (< 35%) sequences were excluded from the

analysis. The conservation level of each residue was mapped onto the PNLIP structure using a 1–9 scale, where 9 indicates highly

conserved and 1 highly variable residues. The mutation sites were colored according to their conservation grade. The structure was

visualized using PYMOL. (B) Sequence logo illustrating amino acid conservation at the mutation sites. Data were obtained from the ConSurf

analysis, and the logo was generated using RSTUDIO. The height of each symbol within a stack indicates the relative frequency of the

corresponding amino acid, while the colors represent the chemical properties of the amino acid side chains.
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described above. This suggests that the V454F muta-

tion may influence distant regions via allosteric inter-

actions. Interestingly, the interaction network of

Glu270 was altered in all four variants compared with

the wild-type. Overall, the average per-residue KIF

score was highest for the A174P and V454F variants.

To identify residues with the most perturbed interac-

tion networks, we determined the minimum, maxi-

mum, and average values of the per-residue KIF

scores among the four variants for each residue

(Fig. S5). The analysis revealed that residues 260–300
are highly affected by the mutations.

To gain more insight into the effects of individual

mutations, we performed an in-depth structural and

interaction analysis of the PNLIP variants in compari-

son with the wild-type enzyme. The A174P mutation is

located in one of the alpha helices near the active site

of the N-terminal PNLIP domain (Fig. 5A). Our anal-

ysis of hydrogen bond prevalence during the simula-

tions revealed important differences. Ala174 formed

multiple hydrogen bonds with nearby residues of the

same helix in wild-type PNLIP (Fig. 5B). The back-

bone carbonyl of Ala174 formed a hydrogen bond

with Ala178, which was present in 43% of the trajec-

tory. This interaction was also observed in the A174P

Fig. 2. Radius of gyration of wild-type PNLIP and its variants.

Average (A) and maximum (B) radius of gyration values, calculated

from individual frames over the complete trajectories (n = 3), are

shown. Labels negligible (< 0.2), small (0.2–0.5), medium (0.5–0.8),

and large (> 0.8) indicate the magnitude of difference according to

Cohen’s d, as described previously [74].

Fig. 3. Root-Mean-Square-Fluctuation (RMSF) values calculated for

the Ca atoms of the wild-type PNLIP and G233E variant. RMSF

values were calculated from the combined trajectories of n = 3

independent replicate simulations after fitting to all Ca atoms (A)

and Ca atoms of respective domains (B). PNLIP N-terminal and C-

terminal domains span residues 17–352 and 355–465, respectively.

The values for residues 353–354 were derived following C-terminal

domain fitting. The arrows indicate the mutation site.

Fig. 4. Comparison of interaction networks between wild-type PNLIP and its variants. Changes in residue interactions were analyzed using

the Key Interactions Finder (KIF) software [75] from the combined trajectories of n = 3 independent replicate simulations. Red spheres

represent amino acid Ca atoms, with sphere size corresponding to the computed KIF score. Residues with KIF scores higher than 0.7 are

labeled. Mutation sites are highlighted in green and the catalytic triad in yellow. The individual per-residue KIF scores are depicted as a

function of residue number on the right side for each mutant. The average KIF score is also indicated. The structures were visualized using

PYMOL.
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variant with the same frequency (Fig. 5C). The back-

bone amine of Ala174 formed a hydrogen bond with

the backbone carbonyl of Leu170 in 30% of the trajec-

tory (Fig. 5B). However, this interaction could not be

observed in the A174P variant, as the proline back-

bone lacks a donatable hydrogen (Fig. 5C). Notably,

in the A174P variant, the prevalence of several

helix-stabilizing hydrogen bonds was markedly

decreased in the trajectory, except for a newly formed

hydrogen bond (16% of the trajectory) between

His173 and Gly176, which was not present in the

wild-type (Fig. 5B,C).

We also compared the differences in the hydrogen

bonds formed by Gly233 or Glu233 in wild-type

PNLIP and the G233E variant, respectively (Fig. 6A,

B). In wild-type PNLIP, the backbone amide of

Gly233 formed a single hydrogen bond with the back-

bone carbonyl of Asp222, which was present in 23%

of the trajectory (Fig. 6A). In contrast, the charged

side chain of Glu233 of the variant formed multiple

hydrogen bonds with several surrounding residues

(Fig. 6B). Some of these interactions were present

nearly in the entire trajectory, indicating a strong local

effect of the mutation.

Comparison of wild-type PNLIP with the C254R

variant suggested prominent structural alterations

(Fig. 6C,D). In the wild-type enzyme, Cys254 formed

a disulfide bond with Cys278, stabilizing the lid region

within PNLIP N-terminal domain (Fig. 6C). In the

C254R PNLIP variant, on the other hand, the Arg254

side chain contributed to a salt bridge with Glu250

instead of a disulfide bond, as demonstrated in a rep-

resentative structure shown in Fig. 6D. This alternative

interaction likely contributed substantially to the

destabilization of the original conformer. Interestingly,

distance measurements between the Arg254 side chain

and Glu250 (Fig. 6E) and between Arg254 and Cys278

(Fig. 6F) indicated that the salt bridge was present in

one trajectory for most of the simulation time, while

Arg254 consistently remained farther from Cys278.

Fig. 5. Structural effect of the A174P mutation within an alpha helix of the PNLIP N-terminal domain. Representative PNLIP structures were

obtained from the combined trajectories of n = 3 independent replicate simulations using cpptraj [68], as described in the Methods. (A) The

A174P mutation site is shown in green, and the alpha helix is colored dark gray. Representative hydrogen bonds around the Ala174/Pro174

residue are shown with dashed lines in the wild-type PNLIP (B) and A174P variant (C). Hydrogen bonds are represented by dashed lines.

Black, red, and green numbers represent percentages of unchanged, decreased, and increased hydrogen bond prevalence, respectively. The

structures were visualized using PYMOL.
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Uniquely, the Val454 mutation site is located in the

C-terminal domain of PNLIP and is positioned

between two beta strands in the hydrophobic core

(Fig. 7A). Distance measurements between the Ca
atoms of adjacent beta strands in the wild-type

PNLIP and the V454F variant showed negligible dif-

ferences (Fig. 7B,C). SASA values calculated for the

side chain atoms of Val454 residue and all other

valine residues in the wild-type PNLIP were 13.9 �A2

and 8.1 �A2, respectively. However, the SASA values

calculated for Phe454 in the variant and all other

phenylalanine residues in the wild-type were 71.6 �A2

and 13.8 �A2, respectively. These results suggested that

the Phe454 residue is exposed to the solvent, rather

than participating in the hydrophobic core (Fig. 7D).

The exposed Phe residue in the variant may promote

PNLIP aggregation with p-stacking; therefore, we

performed AlphaFold3 predictions of six-member

multimers. The V454F PNLIP variant showed a pro-

nounced complex formation promoted by Phe-Phe

interactions introduced by the mutation (Fig. 8A,B).

In contrast, the Val454 residue in the wild-type

PNLIP did not contribute to oligomerization

(Fig. 8C,D). This observation suggests a more direct

role for the V454F mutation in promoting PNLIP

aggregation.

Fig. 6. Effect of the G233E and C254R mutations on the interaction network of the PNLIP N-terminal domain. Representative PNLIP

structures were obtained from the combined trajectories of n = 3 independent replicate simulations using cpptraj [68], as described in the

Methods. Interaction network around the Gly233/Glu233 residue is shown for the wild-type PNLIP (A) and G233E variant (B). Dashed lines

label representative hydrogen bonds, and the accompanying numbers denote their prevalence (percentage), as obtained with cpptraj.

Composite hydrogen bonds to the two terminal oxygen atoms of Glu233 are highlighted. Interaction network around the Cys254/Arg254

residue is illustrated for the wild-type PNLIP (C) and C254R mutant (D). The colored line marks a salt bridge between Arg254 and Glu250,

the double arrow denotes the Arg254-Cys278 distance. Distance of the terminal carbons of Glu250 and Arg254 sidechains over the

trajectories (E), and distance of the terminal carbon of Arg254 and the sulfur atom of Cys278 over the trajectories (F) are indicated. Distance

measurements were carried out as described in Methods separately for the n = 3 independent replicate simulations. Different colors denote

the individual trajectories. The structures were visualized using PYMOL.
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Discussion

The first reported missense mutation (T221M) in

PNLIP was identified in two brothers who were homo-

zygous for the variant and exhibited lipase deficiency

[24]. Further investigation indicated that the mutation

may impair PNLIP folding, resulting in the intracellu-

lar retention of insoluble protein aggregates and

increased ER stress [25]. In addition, the T221M vari-

ant induced spontaneous chronic pancreatitis in a

mouse model [26]. Recently, rare heterozygous pancre-

atic lipase (PNLIP) variants have been identified in

European patients with chronic pancreatitis and

healthy individuals [22]. Most of these variants were

secreted at levels similar to wild-type PNLIP. How-

ever, some exhibited increased susceptibility to degra-

dation by pancreatic proteases, a protease-sensitive

phenotype that correlated with disease occurrence. The

same publication reported additional rare variants,

such as A174P, G233E, C254R, and V454F, of which

G233E and C254R were identified only in chronic pan-

creatitis patients, whereas A174P and V454F were

found only in controls [22]. Due to the low frequency

of these mutations, genetic association with

pancreatitis could not be determined. However, in vitro

experiments demonstrated that these PNLIP variants

exhibit impaired secretion and accumulate in cells as

insoluble aggregates, triggering ER stress and cell

death [23]. The findings suggest incomplete penetrance

of PNLIP variants consistent with similar observations

for other pancreatic protein variants [27–30].
In this study, we explored the structural changes of

the A174P, G233E, C254R, and V454F misfolded

PNLIP variants at the atomistic level using molecular

dynamics simulations. We used the inactive conformer

of PNLIP (PDB ID: 1N8S) as the basis for our models

because the triglyceride–water interfaces required for

lipase activation are absent in pancreatic acinar cells

[31]. A relevant consideration for this approach is that

our molecular dynamics simulations relied on the struc-

ture of the fully folded enzyme, as structural data for

misfolded or partially folded PNLIP variants are cur-

rently unavailable and challenging to study in general.

The A174P mutation is located within one of the

major alpha helices of the PNLIP N-terminal domain,

which is critical for maintaining the structural integrity

of the enzyme. Proline is well known to have a very

Fig. 7. Effect of the V454F mutation on the stability of two parallel beta strands in the PNLIP C-terminal domain. Representative PNLIP

structures were obtained from the combined trajectories of n = 3 independent replicate simulations using cpptraj [68], as described in

Methods. The spacing between beta strands near residue Val454/Phe454 is illustrated for wild-type PNLIP (A) and the V454F mutant (B). Ca

atoms of the beta strand residues are represented as spheres. (C) Difference in residue–residue spacing across the two beta strands is

shown. Plot colors indicate the differences in �A, and residue labels are colored to match the beta strand colors in panels A and B. (D)

Conformations of Phe454. The main cluster centroid is represented with green sticks; simulation snapshots taken at each 25 ns of the

simulation trajectories are represented with transparent gray sticks. The average sidechain SASA value is given in �A2. Distance and SASA

analyses were performed using the combined trajectories of n = 3 independent replicate simulations. The structures were visualized using

PYMOL.
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low helix-forming propensity in globular proteins [32].

In our simulations, this alpha helix was stabilized by

several hydrogen bonds in wild-type PNLIP; however,

the Ala174-to-Pro mutation disrupted this hydrogen

bond network. This is because the rigid ring structure

of proline restricts the backbone flexibility and, impor-

tantly, lacks an amide hydrogen required for helix sta-

bilization. In addition, the mutation altered

residue–residue interaction patterns throughout the N-

terminal domain.

The G233E mutation site is located near the active

site of PNLIP N-terminal domain. In the wild-type

enzyme, we revealed that the backbone amide group

of Gly233 contributed to a weak hydrogen bond with

nearby Asp222. In contrast, the mutant Glu233 residue

formed multiple, stable hydrogen bonds with the sur-

rounding amino acid residues. These local changes in

the interaction network within the N-terminal domain

altered the relative positioning of the two domains, as

indicated by the changes in the radius of gyration and

RMSF values calculated after fitting to all Ca atoms

or to the Ca atoms of the individual domains.

The C254R mutation prevents the formation of the

Cys254-Cys278 disulfide bond, which stabilizes the lid

[33]. The lid is a mobile surface loop that regulates

substrate access to the active site of PNLIP [4]. It is

generally accepted that the enzyme alternates between

active and inactive conformational states, in which

structural changes are observed mainly in the lid

region. Our results indicated that, instead of a disulfide

bond, a salt bridge was established in the C254R vari-

ant between Arg254 and Glu250 residues. The new salt

bridge could alter the structure of the lid and the

active site region within the N-terminal domain of

PNLIP. Notably, in our simulations, the mutations

modified the interaction pattern of Glu270 and His280

within the N-terminal domain, highlighting their

potential role in stabilizing the PNLIP structure. Previ-

ous studies have indicated that missense mutations

affecting disulfide-bond-forming cysteines in secretory

proteins are relatively rare. In PRSS1, CPA1, and

CTRC, cysteine substitutions disrupt proper protein

folding and reduce secretion, increasing susceptibility

to pancreatitis [16,17,34]. Similar cysteine mutations in

Fig. 8. Aggregated complex of the V454F PNLIP variant. (A) The hexameric aggregate of the variant is shown with individual monomers

colored differently. (B) Close-up of the V454F mutant residue, highlighting interactions between mutated residues. (C) The hexameric

aggregate of wild-type PNLIP is shown, with (D) a close-up of the Val454 residue in one of the monomers. The aggregate structure was

predicted using AlphaFold3 software [76], as described in Methods. The highest-ranking model out of n = 5 prediction runs is displayed. The

structures were visualized using PYMOL.
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proinsulin are also strongly associated with type 1 dia-

betes [35,36].

The Val454 mutation site is located between two par-

allel beta strands within the C-terminal domain of

PNLIP. However, our analysis demonstrated that the

V454F mutation affected the residue interaction net-

work in the N-terminal domain, likely through an allo-

steric mechanism. Similar long-range effects have been

reported for certain SARS-CoV-2 spike protein vari-

ants and for the sickle-cell hemoglobin, where single

amino acid substitutions induce structural changes at

substantial distances across the protein [37–42]. We also

observed that while the Val454 residue participates in

stabilizing the hydrophobic core of the C-terminal

domain, the Phe454 residue in the variant becomes

exposed to the solvent. This feature of the V454F vari-

ant may promote the formation of intracellular protein

aggregates through the mutation sites. Consistent with

this notion, in vitro cell culture experiments have shown

that misfolded PNLIP variants are prone to forming

insoluble intracellular aggregates and increase the

expression of BiP, an ER resident chaperone [23,25].

This chaperone binds to certain protein aggregates with

high affinity, contributing to the activation of ER stress

signaling [43]. Therefore, the formation of intracellular

protein aggregates may play a significant role in the

progression of chronic pancreatitis.

Molecular dynamics simulations and other computa-

tional approaches have previously been used to facili-

tate the development of pharmacological chaperones

targeting disease-causing misfolded proteins. During

molecular dynamics simulations, transient pockets may

appear on the protein surface that remain undetectable

with conventional methods. Such transient pockets can

be specifically targeted by hotspot-based pharmacolog-

ical prediction tools [44]. Molecular dynamics-based

transient pocket analysis was applied to identify a

binding site on a p53 variant and facilitated the devel-

opment of pharmacological chaperones [45,46]. Simi-

larly, transient pockets have been described for HIV-1

protease and homogentisate 1,2-dioxygenase variants

[47,48]. Molecular dynamics approaches can also facili-

tate drug design targeting previously identified binding

sites. For instance, pharmacological chaperones have

been shown to improve the catalytic activity of a

Gaucher disease-associated beta-glucocerebrosidase

variant [49]. Similarly, the identification of allosteric

hotspots facilitated the development of pharmacologi-

cal chaperones against a mutant alpha-galactosidase

associated with Fabry disease [50]. Additionally, a

study on prion protein misfolding revealed that dock-

ing and molecular dynamics simulations can assist the

identification of pharmacological chaperones that

stabilize native conformations and suppress pathogenic

aggregation [51].

In summary, we found that missense mutations may

induce notable structural changes in PNLIP leading to

misfolding. These results may facilitate the develop-

ment of pharmacological chaperones that promote the

correct folding and secretion of PNLIP variants,

thereby reducing their proteotoxic effects and support-

ing personalized therapeutic approaches for chronic

pancreatitis.

Methods

System preparation

The coordinate file of human PNLIP in complex with pro-

colipase (PDB ID: 1N8S [2]) was downloaded from the

Protein Data Bank [52]. Procolipase was removed from the

structure, as previous experimental studies on PNLIP were

carried out in its absence. PNLIP variants were generated

with Chimera [53] using the Dynameomics [54] rotamer

library. The Propka 3.1 [55,56] software was used to deter-

mine the pKa values of titratable amino acid sidechains,

and the corresponding protonation states were set accord-

ingly. The protonation state of neutral histidine residues

was determined with Chimera [53].

PNLIP and its variants were prepared for simulations

with tleap as implemented in Amber22 [57]. PNLIP was

described using the Amber ff14SB [58] force field, and the

missing hydrogen atoms were added automatically. Disul-

fide bonds between the correct cysteine residues were added

into the tleap input file. The system was solvated in a trun-

cated octahedral box of TIP3P [59] water with a minimum

solute-box distance of at least 12.0 �A. Based on the number

of added water molecules and the charge of the protein, the

amount of sodium and chloride ions required to achieve a

salt concentration of ~0.15 M and to neutralize the system

charge was determined with the Split Charge protocol [60].

The original systems were solvated again with the same

setup, by replacing added water molecules with the calcu-

lated amount of ions.

Molecular dynamics simulation protocol

Molecular dynamics simulations were carried out using the

Amber22 [57] software package. The GPU accelerated ver-

sion [61–63] of the pmemd algorithm of Amber22 was

applied with a Single-Precision Floating-Point (pmemd.cu-

da_SPFP [63]). The system was minimized with the steepest

descent minimization algorithm for 2500 steps, followed by

7500 steps of conjugate gradient minimization, using a

10 kcal mol�1 �A�2 positional restraint on nonhydrogen

atoms of the protein. After that, the system was heated to

100 K (�173 °C) for 250 ps of simulation time in an NVT
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ensemble, and then to 310.15 K (37 °C) for 250 ps of simu-

lation time in an NPT ensemble, keeping the same posi-

tional restraint. Subsequently, the same minimization, NVT

and NPT heating steps were repeated, with a

5 kcal mol�1 �A�2 positional restraint on the Ca atoms of

the protein. This was followed by six equilibrations of

100 ps, in an NPT ensemble, each with increasingly smaller

positional restraints on Ca atoms, starting with 5 and end-

ing with 0 kcal mol�1 �A�2 value. Subsequently, six simu-

lated annealing cycles were applied. First, the systems were

heated to 400 K (127 °C) over a 2 ns simulation and equili-

brated at that temperature for 50 ns, followed by cooling

to 273.15 K (0 °C) in a 15 ns simulation. In the consequent

five cycles, the systems were reheated to 400 K in a 10 ns

simulation, equilibrated at 400 K for 50 ns and cooled to

273.15 K in a 15 ns simulation. Finally, the systems were

heated to 310.15 K (37 °C) in a 5 ns simulation. All molec-

ular dynamics simulations up to this point were performed

using a 1 fs time step, and long-range electrostatics were

described using the Particle Mesh Ewald (PME) [64]

approach, with a 10 �A cut-off for nonbonded interactions.

During heating and equilibration, the temperature was con-

trolled using Langevin dynamics [65], and all bonds involv-

ing a hydrogen atom were constrained using the SHAKE

algorithm [66]. Finally, a production run was carried out

with a 2 fs time step for a duration of 1 ls. Trajectory

sampling was executed every 500 ps. For each variant,

three independent simulations were performed using the

same protocol.

A further set of simulations was also executed, in which

the final NPT heating step (before the six equilibrations)

was carried out for a duration of 1 ns, and the final tem-

perature was set to 550 K (277 C°). The production run in

this case was carried out for a duration of 500 ns. All other

settings were the same as described earlier.

Molecular dynamics simulation analysis

The analysis steps described below refer to simulations per-

formed at 310.15 K (37 °C), unless stated otherwise. The

cpptraj tool of AmberTools22 [67] was used to compute

the root-mean-square-fluctuation (RMSF) values for Ca
atoms and complete residues (excluding hydrogen atoms)

over the trajectory for each of the three replicas. Analyses

of secondary structure elements during the simulations were

executed with the secstruct command of cpptraj [68]. The

same settings were used for simulations at 550 K (277 °C).
Radius of gyration values were also calculated with cpptraj

[68], considering both the average and maximum values for

each frame of the trajectory. Statistical analysis of the

radius of gyration calculations was carried out in R [69],

using RSTUDIO [70], and the tidyverse [71] and effsize [72]

packages. Cohen’s d effect size test [73] using the standard

algorithm was performed to compare each variant with the

wild-type PNLIP. The magnitudes (negligible, small,

medium, or large) were assessed using the thresholds pub-

lished previously [74]. Solvent accessible surface area

(SASA) values were also calculated with cpptraj.

The effect of mutations on the protein interaction net-

work was analyzed with the Key Interactions Finder (KIF)

[75] software. Following the standard KIF protocol, all

interaction types were considered, and interaction strengths

were calculated for each frame of the trajectories. The resi-

due identifier at the mutation site of each PNLIP variant

was renamed to match that of the wild-type for compari-

son. The per-residue KIF scores were calculated

accordingly.

Hydrogen bond prevalence was calculated with cpptraj

[68]. Each frame of the trajectories was taken into account.

Prevalence is defined as the percentage of frames for which

cpptraj detected a certain hydrogen bond.

Distance measurements were carried out with cpptraj

[68]. In case of the C254R variant, the distance between the

Arg254 and Glu250 was measured between Cf of Arg254

and the Cd of Glu250. The distance between Arg254 and

Cys278 was measured between Cf of Arg254 and the sulfur

atom of Cys278. For the V454F variant and the wild-type

used for comparison, distances between residues Leu459-

Cys465 and Val431-Thr440 were calculated between the Ca
atoms.

Clustering of the V454F variant was performed in

cpptraj using the hierarchical agglomerative approach and

the average linkage method, applying an epsilon value of

5.0 �A based on Ca atoms.

Molecular structures were visualized with PYMOL and

graphical plots were generated with RSTUDIO.

AlphaFold3 prediction

To model the aggregation of the V454F variant, we have

applied the AlphaFold3 software [76]. The sequence of

PNLIP was obtained from the UniProt database [77] (iden-

tifier: P16233). The signal sequence (residues 1 to 16) was

removed, and the V454F mutation was introduced by

renaming the mutated residue in the sequence. The final

sequence was uploaded into the AlphaFold3 prediction

webserver [76]. The prediction of the variant was modeled

in a hexamer state. Five independent standard models were

generated, and the final model was selected based on the

highest Ranking Score.
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Fig. S1. RMSF values were calculated for the wild-

type and mutant PNLIP enzymes using Ca atoms fol-

lowing alignment to the complete protein.

Fig. S2. RMSF values were calculated for the wild-

type and mutant PNLIP enzymes using Ca atoms fol-

lowing alignment to the respective domains.

Fig. S3. RMSF values of all non-hydrogen atoms for

wild-type and mutant PNLIP enzymes.

Fig. S4. Per-residue propensity of alpha helix forma-

tion derived from simulations.

Fig. S5. Per-residue propensity of beta strand forma-

tion derived from simulations.

Table S1. AlphaMissense pathogenicity predictions for

PNLIP variants.

Table S2. Solvent-accessible surface area (SASA)

values of wild-type PNLIP and variants.

15ª 2026 The Author(s). The FEBS Journal published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies.

G. Hoffka and A. Szab�o Misfolding of pancreatic lipase variants

 17424658, 0, D
ow

nloaded from
 https://febs.onlinelibrary.w

iley.com
/doi/10.1111/febs.70627 by U

niversity O
f D

ebrecen U
nl, W

iley O
nline L

ibrary on [25/08/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense


	Molecular dynamics simulations elucidate the misfolding mechanisms of secretion-defective pancreatic lipase variants
	 Introduction
	 Results
	 Discussion
	 Methods
	 System preparation
	 Molecular dynamics simulation protocol
	 Molecular dynamics simulation analysis
	 AlphaFold3 prediction

	 Author contributions
	 Acknowledgement
	 Conflict of interest
	 Data availability statement
	Supporting information


