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Abstract

PIM1, is a serine/threonine proto-oncogene kinase, involved in many biological functions,
including cell survival, proliferation, and differentiation, thus play a key role in oncogenesis.
It plays a crucial role in the onset and progression of various hematopoietic and non-
hematopoietic malignancies, including acute myeloid leukemia and prostate cancer. Muta-
tions in PIM1, especially in its kinase domain, can induce abnormal structural changes and
thus alter functionalities that can lead to disease progression and other complexities.
Herein, we have performed an extensive analysis of the PIM1 mutations at sequence and
structure level while utilizing state-of-the-art computational approaches. Based on the
impact on PIM1, numerous pathogenic and destabilizing mutations were identified and sub-
sequently analyzed in detail. Finally, two amino acid substitutions (W109C and F147C) in
the kinase domain of PIM1 were selected to explore their impact on the PIM1 structure in a
time evolution manner using all-atom molecular dynamics (MD) simulations for 200 ns. MD
results indicate significant conformational altercations in the structure of PIM1, especially
upon F147C mutation. This study provides a significant insight into the PIM1 dysfunction
upon single amino acid substitutions, which can be utilized to get insights into the molecular
basis of PIM1-associated disease progression.

Introduction

The progression of cancer arises from failure at multiple cellular levels, including abnormal
gene expression, metabolic conditions, abnormal signal transduction, and genetic alterations
[1]. Alterations at genomic and proteomic levels cause significant changes to the structural
and non-structural motifs of proteins, ultimately resulting in disease progression [2]. PIM1 is a
serine/threonine kinase involved in regulating cell cycle progression and apoptosis. It has been
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implicated in the progression of various complex diseases, including hematopoietic and non-
hematopoietic cancers, such as acute myeloid leukemia and prostate cancer [3]. PIM1 is
expressed in the spleen, thymus, bone marrow, prostate, and oral epithelial and is found to be
highly expressed in prostate cancer and other human malignancies [4]. It plays a central role
in signal transduction involved in many biological functions, including cell survival, prolifera-
tion, and differentiation, thus play a key role in oncogenesis [3]. The PIM1 overexpression in
prostate cancer has been found to decrease the patients’ survival [5].

PIM1 contains 313 amino acid residues consisting of several conserved motifs with a gly-
cine loop motif, a phosphate-binding site, and a proton acceptor site (active site) [6]. Several
natural mutations of the PIM1 have been shown to be effective in its deactivation, thermody-
namically stability, altered metal binding, and altered function of the catalytic and allosteric
sites [7, 8]. This altered function might lead to the onset and progression of various complex
diseases, including cancer and acute myeloid leukemia [8]. Although all the mutations found
in proteins are not structurally or functionally affecting, but many of them are found to be
harmful to human health [9]. Only one-third of the non-synonymous (ns) mutations are
appeared to be deleterious in experimental findings [10]. Compelling the prospect into consid-
eration that PIM1 plays a vital role in cell cycle progression and apoptosis where different
mutations can cause complex diseases, including cancer, we envisioned exploring the impacts
of mutations on PIM1 using advanced computational approaches. Initially, we have taken a
list of 185 mutations found in the whole protein where a total of 142 mutations lie in the kinase
domain of PIM1 were studied in detail. Finally, two mutations, W109C and F147C present in
the kinase domain of the PIM1 protein were selected and studied in detail to examine their
time evolution impact using all-atom molecular dynamics (MD) simulations and essential
dynamics for 200 ns.

Materials and methods
Retrieval of data

The UniProt [11] database was used to extract the sequence of human PIM1 protein (UniProt
ID: P11309). The data in Ensembl [12], ClinVar [13], COSMIC [14], gnomAD [15], and
TOPmed were used to create a list of mutations. The list was cleaned up by removing the pro-
tein truncations and duplicate variants. Furthermore, the Protein Data Bank [16] database was
used to obtain a non-mutated high-resolution crystal structure of the PIM1 kinase domain
(PDB ID: 1XWS). The mutations were incorporated structurally in the PIM1 coordinates
using the mutagenesis wizard embedded in PYMOL software.

Sequence-based predictions

SIFT. Sorting intolerant from tolerant (SIFT) is a web-based server (https://sift.bii.a-star.
edu.sg/) that predicts and computes the data on the basis of sequence similarity, identity, and
physico-chemical alterations between the substituted amino acids variants. It is useful to esti-
mate if an amino acid substitution is likely to affect the protein function [17].

PolyPhen2. Polymorphism Phenotyping 2 (PolyPhen2) (http://genetics.bwh.harvard.edu/
pph2/) is a computational tool that uses sequence homology, Pfam annotations, 3D structures
to estimate the impact of an amino acid change on the structure and function of a protein.
PolyPhen-2 provides a qualitative approach to score for the most damaging or least affecting
variant using a set of classifier models corresponding to the HumDiv and HumVar databases
[18].

PROVEAN. Protein Variation Effect Analyzer (PROVEAN), a web server (http://
provean.jcvi.org/index.php), uses a rapid set of computational algorithms to predict the impact
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of amino acid substitution on a given protein sequence. First, PROVEAN analyzes the protein
sequence and obtains the score by using an alignment method. Then, the score is generated by
computing each value obtained from the sequence cluster [19].

CADD. Combined Annotation Dependent Depletion (CADD) is a computational tool
(https://cadd.gs.washington.edu/) that assesses the damaging effect in the protein sequence
caused by variation (insertion, deletion or substitution) of amino acids. CADD may be used in
context to objectively prioritize functional, deleterious, and disease causative variations across
a wide variety of functional categories, impact sizes, and genetic architectures [20].

REVEL. Rare Exome Variant Ensemble Learner (REVEL) is a computational method
(https://redmine.igm.cumc.columbia.edu/) that exploits an ensemble approach to predict the
deleterious effect caused by the advent of missense variation. REVEL utilizes a set of various
computational tools such as MutPred, FATHMM v2.3, VEST 3.0, PolyPhen-2, SIFT, PRO-
VEAN, Mutation Assessor, Mutation Taster, LRT, GERP*", SiPhy, phyloP, and PhastCons to
compute and generate robust scores to validate the likelihood of pathogenicity in the protein
sequence [21].

MetaLR. MetaLR (https://sites.google.com/site/jpopgen/dbNSEP) employs regression
models to predict the damaging effects of missense variants by combining nine different inde-
pendent variant values while estimating the allelic frequency. Variations are categorized as ’tol-
erated’ or ’damaging,’ indicating which variant is more likely to be harmful [22].

SNPMuSiC. SNPMusSiC is web-based computational software (http://dezyme.com/en/
Software) used to understand the molecular impacts of variants. It compares an exclusive pre-
diction technique on numerous independent test sets from various databases such as, DbSNP,
SwissVar, and HumSaVar, which may be utilized with experimental and modeled structures.
Furthermore, SNPMuSiC integrates nsSNPs variants from databases to obtain a training data-
set and further classify them among “Neutral” and “Deleterious” variants [23].

Structure-based predictions

MAESTRO. MAESTRO is a bioinformatics tool (http://biwww.che.sbg.ac.at/ MAESTRO)
that builds a multi-agent machine learning system based on protein structures. It provides
expected Gibbs free energy values as well as also computes a confidence estimation for the pre-
diction. It allows for high throughput scanning of multi-point mutations, allowing for thor-
ough control of mutation sites and types. To predict stabilizing disulfide bonds, the program
has a special mode [24]. MAESTRO’s prediction power for single point mutations and disul-
fide bond stabilization is comparable to any other approach.

CUPSAT. CUPSAT is a web-based tool (http://cupsat.tu-bs.de/) that analyzes and pre-
dicts the effect of amino acid substitution on protein stability. The software package exploits
structural and conformational specificities to calculate the torsional potential between atoms
[25]. In addition, this software predicts energy scores, specifically the difference in free energy
of folding and unfolding structures between wild-type and mutant, to calculate the impact.

mCSM. mCSM is a computational program (http://biosig.unimelb.edu.au/mcsm/) that
utilizes the protein residue environment used to train prediction algorithms by encoding vari-
ous patterns in between their atoms to understand how mutation affects the structural confor-
mation and stability for protein-protein and protein-nucleic acid interactions. The program is
driven by analyzing the frequency of each residue in a given data set for both wild-type (WT)
and mutational variant [26].

SDM. Site-directed mutation (SDM) is a web server (http://marid.bioc.cam.ac.uk/sdm2)
based on a knowledge-based approach and predicts the difference of stability between WT and
mutant protein structures. In addition, SDM calculates environment-specific substitution
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tables (ESSTs) and further computes the thermodynamic parameter corresponding to the fold-
ing-unfolding free energy of the protein structure [27].

DUET. DUET is an integrated computational web service (http://biosig.unimelb.edu.au/
duet/) used for studying missense mutations in proteins using an integrated computational
method. DUET combines the findings of two complementary methodologies (mCSM and
SDM) in an optimized predictor utilizing Support Vector Machines (SVM), resulting in a con-
sensus prediction.

DynaMut and DynaMut2. DynaMut and DynaMut2 are computational tools (http://
biosig.unimelb.edu.au/dynamut/) that implement two independent and distinguished normal
mode methodologies for analyzing and visualizing protein dynamics and assessing the effect of
missense mutations on protein dynamics and stability due to vibrational entropy and Gibbs
free energy changes [28].

MutPred2. MutPred2 is a computational tool (http://mutpred.mutdb.org/) that is based
upon machine learning approaches. MutPred searches for molecular signals with a data collec-
tion of Mendelian disease variations and a data set of de novo mutations diagnosed in various
diseases and estimate the proportion of damaging missense variations in the respective
genome. The quantified data set is then used to priorities high-scoring variations and empiri-
cally evaluate their functional significance [29].

ENCoM. ENCoM (https://labworm.com/tool/encom) is a coarse-grained analysis
approach that uses computational processing to account for mutations’ impact on eigenvectors
eigenvalues considering atom-specific side-chain interactions. These approaches may investi-
gate probable motions around an equilibrium conformation by computing the eigenvectors
and eigenvalues associated with distinct normal modes. Each normal mode depicts the protein
collectively, which is correlated, and resulting in a complicated type of motion [30].

Dezyme- PoPMuSiC and HoTMuSiC. Dezyme is an online platform (http://dezyme.
com/en/Software) that integrates various in-silico prediction tools. For example, PoPMuSiC is
a program of Dezyme that allows the construction of mutant proteins with regulated thermo-
dynamic stability qualities using an in-silico based predictor. The experimental or modeled
protein structure calculates the changes in folding free energy of a specific protein or peptide
under point mutations [31]. On the contrary, HOTMuSiC is another Dezyme method that
enables you to generate mutant proteins with regulated heat stability computationally. On the
basis of the experimental or predicted protein structure, it measures the changes in melting
temperature of a specific protein or peptide under point mutations [32].

MD simulations

Systems preparation. The structural coordinates of WT PIM1 were downloaded from the
PDB (PDB ID: 1XWS). The crystallographic water molecules were deleted, and missing hydro-
gen atoms were added along with the allocation of appropriate charge at neutral pH. The pre-
processing and energy minimization of the structure was done by the Protein Preparation
Wizard of the Schrédinger suite [33]. The mutagenesis wizard of PyMOL was utilized to
induce mutations in the protein structure [34]. All the structures were further imperiled to
energy minimization using the OPLS-2005 force-field [35] with a root mean square deviation
(RMSD) cut-off value of 0.30 A to minimize all possible steric clashes between the residues.

Simulations protocol. All-atom MD simulations were run on a GPU accelerated engine
PMEMD encoded in the Amber 18 package for 200 ns [36]. Amber 18 forcefield FF14SB was
applied on all three systems during the simulation [37]. The solvation was carried out in a
TIP3P solvent model [38] inside a 10 A box edge using the LEaP module. Then, an appropriate
number of counterions (Na* and Cl") was added to each system for neutralization prior to the
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minimization phase. A partial minimization for 1500 steps was achieved with a 500 kcal/mol
restraint potential gradient. Later, a full minimization for 1000 steps was done using the conju-
gate gradient approach by removing all applied restraints on the partial minimization step.
After, all systems were gradually heated from 0 K to 300 K, allowing a constant volume and
number of atoms for each system. Subsequently, equilibration was carried out by retaining the
500 ps equilibration step, ensuring a constant temperature of 300 K. NPT (isobaric-isothermal
ensemble) was endorsed to maintain a constant pressure of 1 bar and number of atoms within
each system. Finally, the MD trajectories for 200 ns of each system were produced from the
production phase by integrating the SHAKE algorithm [39].

Post-dynamic trajectories analysis. The structural coordinates of all three systems were
saved for every 1 ps, and the trajectory curves were calculated through the CPPTRAJ module
[40] of Amber 18. The RMSD, RMSF, R, SASA, intramolecular hydrogen bonding, secondary
structure analysis, distance correlation matrix, and PCA of all three systems were calculated.
Origin [41] and VMD [42] tools were used for generating plots and analyses of MD results.

Dynamics of the cross-correlation matrix

The DCCM analysis was carried out to determine the co-ordinal deviations and behaviors in
C, atoms of PIM1 and its variants. Factors for i and j cross-correlation C,, atoms can be
described as:
< Ari.Arj >
Cij = ) 1 (1)
(<A ><Ar? >)

where Ar;; is the movement of i"™ and j"™ atom average point. Correlated movements are signi-
fied by C;; = 1; however, C;; = -1 is supposed to be highly anti-correlated. The deviation of
atomic movements from 1 to -1 describes that i and j movements are correlated and anti-
correlated.

Principal component analysis

PCA is a useful approach to examine a protein molecule’s conformational movements and
folding behavior by illustrating its atomic movements [43]. PCA generates atomic movements
from MD trajectories by retaining dimensional reduction [44, 45]. The PCA was carried out
using the covariance matrix C, based on the atomic coordinates and corresponding eigenvec-
tors (EVs) [46]. The positional covariance matrix C was constructed through the following
equation:

G =< (qi_ <g; >)(q]'_ <g; >) > (i,j =1,2,.. ~73N) (2)

where q; and g; signify the cartesian coordinates for the i™, j™ position of C,, atom and N is the

number of C,, atoms.

Result and discussion

The mutations of the PIM1 kinase domain were extracted from the Ensembl database [47]. A
total of 4,588 mutations were recognized in the PIM1, including post-translational variations,
missense variations, exonic variations, and intronic variations. According to the database, only
142 mutations were found in the kinase domain of PIM1. However, the center of our study
aims to find the impacts of the selected variations on the structure and function of the PIM1.
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Sequence- and structure-based analysis

The extracted mutations were diagnosed in a serial manner consisting of various steps [48, 49].
Primarily the high-scoring mutations of the PIM1 gene were categorized into sequence-based
and structure-based analyses. All the mapped mutations of PIM1 were first exposed to several
computational tools such as SIFT, Polyphen2, PROVEAN, CADD, REVEL, MetaLR, and
SNPMuSiC and predicted damaging or non-damaging variants by calculating their respective
cut-off values. Further, the mutational interpretation was followed by the structure-based sta-
bility prediction using a variety of machine-learning-based web servers, MAESTRO, CUPSAT,
mCSM, SDM, DUET, DynaMut, DynaMut2, ENCoM, MutPred2, PoPMuSiC, and HoTMu-
SiC. A basic outline of the tools used in this study is illustrated in Fig 1.

Sequence-based tools quantify deleterious and neutral variants among the selected list of
variations. For example, where, SIFT algorithm predicts the tolerance score (tolerated =
<0.05) of substituted residues, PolyPhen2 classifies its prediction scores into three classes, i.e.,
benign (score <0.2), possibly damaging (score >0.2 and <0.96), and probably damaging
(score >0.96), PROVEAN webserver was used to differentiate the deleterious residues from
neutral ones (score >-2.5) on a cut-off scale whereas, REVEL calculates a cumulative score
and projects neutral (score <0.5) and disease type (score >0.5) for each variant. Furthermore,
MetaLR classifies the variants in a range of 0 to 1, where 1 is the most deleterious. Taking the
analogy further, CADD applies the strictest criterion among all the sequence-based predictors
and provides a cut-off score of 30, above which CADD highly recommends the variant to be
deleterious.

* ENSEMBL
* dbSNP
DATARETREIVAL « HGMD

* ClinVar

* SHIFT

SEQUENCE BASED it

PREDICTION e

* MUTATION ASSESSOR

* STRUM

STRUCTURE BASED * MAESTRO

* DUET
PREDICTION R

* MCSM

DISEASE PHENOTYPE * PMUT
* MUTPRED2

PREDICTION * RHAPSODY

SEQUENCE
CONSERVATION + CONSURF
ANALYSIS

Fig 1. Overview of the methods used to predict the pathogenic mutations and their impact on PIM1 at the
sequence, structure, and function levels.

https://doi.org/10.1371/journal.pone.0258929.9001
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Thermodynamics is an essential measure of determining protein structure stability [50].
Disturbance in the structure and function are few known effects to be generated by the cause
of mutations. However, establishing the difference in both the protein states (folded and
unfolded) in terms of free energy AG could be a governing method deciding the structural sta-
bility of the protein (a). The certainty for the WT and mutant structure of the same species
having a significant change in their AG energies is high; therefore, it is settled by calculating
the AAG of both the structures (b). The calculation was given by the following formula.

AAG = AG unfolded structure — AG folded structure (a)

AAG = AG mutated structure — AG wildtype structure (b)

Using these mathematical determinants, we have predicted the stabilizing and destabilizing
amino acid substitutions associated with the PIM1 kinase domain. A total of 11 novel web-
based predictors were used to differentiate the stability criteria, specifically, MAESTRO, CUP-
SAT, mCSM, SDM, DUET, DynaMut, DynaMut2, ENCoM, MutPred2, PoPMuSiC, and HoT-
MusSiC. These biophysical methods used 3D PDB coordinate file as an input and were based
on machine learning algorithms and support vector machines to calculate the intrinsic vari-
ability of a protein that has been triggered by mutations.

The extracted missense mutations of the kinase domain of the PIM1 were first executed
through sequence-based predictors, and the results were successfully generated (S1 Table).
The outcome of the sequence-based predictors showed the deleterious and tolerated substitu-
tions, in which, SIFT-73 (51.4%), PolyPhen-32 (22.5%), PROVEAN-83(58.4%), CADD-27
(19.01%), REVEL-27 (19.01%), MetaLR-6 (4.2%), and SNPMuSiC-55 (38.7%) (out of 142 vari-
ants) accounted for deleterious substitutions (Fig 2).

In the structure-based predictors, a total of 142 substitutions were run into different web-
servers (S2 Table) where MAESTRO-104 (73.2%), CUPSAT-85 (59.8%), mCSM-123 (86.6%),
SDM-80 (56.3%), DUET-110 (77.4%), DynaMut-83 (58.4%), Dynamut2-107 (75.3%),
ENCoM-83 (58.4%), MutPred2-37 (26.05%), PoPMuSiC-120 (84.5%) and HoTMuSiC-129

140
120
100
80
60
40
20
> S

& & <= &
& AQY s

B Deleterious @ Tolerated

Fig 2. Scattering of deleterious variations in PIM1 predicted through sequence-based tools.

https://doi.org/10.1371/journal.pone.0258929.g002
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Fig 3. Scattering of deleterious variations in PIM1 predicted by structure-based tools.

https://doi.org/10.1371/journal.pone.0258929.9003

(90.8%) substitutions were predicted to be destabilizing the protein structure (Fig 3). Accord-
ing to the results, the data show 26.05% deleterious substitutions from sequence-based predic-
tions of PIM1 when considered from at least 4 predictors out of 7. Also, the structure-based
analysis showed the presence of destabilizing variants by 64.7% from the kinase domain of
PIM1 when confirmed from 6 or more predictors out of 11. A total of 142 collective damaging
and destabilizing substitutions were obtained from both sequence-based and structure-based
predictions.

Identification of PIM1 associated functional significance

We went on to look at the structurally destabilizing variants to see how we could predict their
phenotypic expression when they were mutated. MutPred tool and resulted in 142 high scor-
ing mutations and generated values representing stabilization and destabilization. MutPred
predicted values resulting in >0.5 were regarded as destabilizing mutations; however, for 142
high-confidence scoring mutations, MutPred resulted in 37 (26.05%) destabilizing mutations
and disease-associated mutations.

The conservation analysis of amino acid residues in a protein helps in understanding their
importance and localized evolution over generations. Here, the Consurf webserver was used to
do a residual conservation study, which suggests the evolutionary sustainability of the residue
throughout the course. The scoring was to find the most conserved residue undergoing resid-
ual substitution and causing mutation [51]. The fact that a modification in a conserved residue
causes structural and functional dysfunction of the protein is well known. As a result, in order
to accept the statement, our study links the results to the mutagenic effects of residues over the
protein structure. The Consurf analysis exhibited the arrangement of residues along with their
conservation scores (Fig 4). The ConSurf analysis showed that many residues, including W109
and F147, are relatively conserved in PIM1 protein, which suggests that any mutation at these
sites might affect PIM1 significantly. Using this tool, we have also calculated the possible physi-
cochemical characteristics involving distance and charge potential required for bond forma-
tion and stabilization.
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Fig 4. Sequence conservation analysis of PIM1 protein using ConSurf web server.

https://doi.org/10.1371/journal.pone.0258929.9004

Two mutations at the C-terminal region, namely, W109C and F147C, were found out to be
causing severe structural damage by intentionally replacing buried charge and resulting in H-
bond breakage specifically. Finally, W109C and F147C were the most promising determinants
detected, which may be involved in structural consequences of the protein malfunctioning,
and were further studied in all-atom MD simulations.

Post-dynamics trajectories analysis

The conformational fluctuations and structural deviations in a protein are connected with its
inherent behavior [52]. The changes in the structural integrity of a protein can induce major
impacts on its activity [53]. Hence it is important to study the conformational dynamics of
proteins to get deeper insights into the mutation-induced structural alterations [44, 54]. The
time evolution of RMSD of C,, atoms was studied to ascertain the structural integrity of the
simulated systems. The RMSD plot shown in Fig 5A suggested that all the systems attained
convergence after 60 ns of the simulation. PIM1-WT showed the least deviation, whereas
F147C disclosed a higher RMSD followed by W109C. PIM1 showed the highest fluctuations
throughout the simulation after getting mutation at F147C and deviated from the RMSD pat-
tern of PIM1-WT. The analysis suggests that PIM1-WT and W109C exhibited the least devia-
tion of C, atoms as compared to F147C, signifying that mutation of Phe to Cys imposed lesser
stability to PIM1 structure. No significant difference was observed in the structural snaps
except the loop regions of superimposed PIM1-WT, W109C, and F147C at every 50ns during
the simulation (S1 Fig). Interestingly, the loss of some helical structures was observed in both
mutants in the early simulation phase. Here, loops become more flexible with increased
dynamics during the simulation most effectively in F147C, especially.

Flexibility and rigidity of amino acid residues in a protein structure accountable for various
conformational changes thus functionalities of that protein [55]. Thus, the changes in the
residual fluctuations in PIM1 upon mutations can be examined by studying the RMSF values
[49, 56]. To explore the changes in the residual flexibility PIM1 and its mutants, RMSF of their
C,, atoms were calculated and plotted from the MD trajectories (Fig 5B). The plot shows that
WT PIMI1 has the least fluctuations of the amino acid residues when comparing to the mutated
systems. However, both mutants showed higher fluctuations among the amino acid residues
during the simulation. A relatively higher pattern of fluctuations, especially in the case of
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Fig 5. Structural dynamics of PIM1 and its mutants W109C and F147C. (A) RMSD, (B) RMSF, (C) Rg, and (D)
SASA values across C,, of all three systems calculated from the MD trajectories of 200 ns. Red circles show significant
fluctuations in the variants.

https://doi.org/10.1371/journal.pone.0258929.9005

F147C, was observed from the simulated trajectory. The RMSF plots showed higher fluctua-
tion at the places of variant sites and their neighboring regions. The mutations cause higher
dynamics and internal disturbances in the neighbouring areas of the variation sites which are
reflecting as increased/decreased fluctuations in PIM1. The RMSF pattern can be correlated
with the RMSD distribution, where higher fluctuations were seen in mutant systems. The
major changes in the residual fluctuations of the mutants could be associated with the struc-
tural inactivation of PIM1.

The overall conformational changes and folding behavior of the PIM1 structure before and
after inducing mutations were assessed by examining the Rg values of all three systems. The
time evolution of the Rg values reveals the mechanism of structural compactness, stability, and
folding of a protein structure [57]. We have calculated and plotted the Rg values of PIM1-WT,
W109C and F147C systems from the MD trajectories (Fig 5C). The Rg of F147C exhibited the
most deviation compared to WT and W109C, especially after 100 ns. The F147C structure
seems to be unfolded after 110 ns of the simulation time. Overall, the Rg evaluation of PIM1
showed reduced stability of the mutants with increased flexibility and less compactness.

The SASA was also estimated to examine the exposer of hydrophobic and hydrophilic
amino acid residues present in the PIM1 structure [58]. The SASA values for PIM1-WT,
W109C, and F147C were calculated and plotted over 200 ns of MD simulation (Fig 5D). SASA
values of all three systems are shown to have a corresponding pattern of distribution as the Rg
plot. The buried residues of the F147C system seem to be exposed to the solvent during the
simulation. The plot showed that the SASA of F147C gets more exposer after 110 ns, suggestive
of unfolding the protein structure. W109C mutant also exhibited more SASA values in con-
trast to the WT system of PIM1. The significant variation in the SASA values of F147C signi-
fied the unfolding nature of PIM1 structure upon mutation.
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Fig 6. Intramolecular hydrogen bonding in PIM1 WT, W109C and F147C calculated after 200 ns MD simulation.
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Intramolecular hydrogen bond analysis

Intramolecular hydrogen bonding is an essential conformational shape and structural integrity
of proteins [59]. Time evaluation of intramolecular hydrogen bonding is helpful to assess the
structural integrity of protein structures over simulations [60]. To examine the impact of
mutations on PIM1 structure, intramolecular hydrogen bond analysis was carried out and
plotted concerning time (Fig 6). The plot showed that there was not much change in the aver-
age number of intramolecular hydrogen bonds in PIM1 before and after inducing mutations.
A minor decrement of hydrogen bonding, especially in the F147C system, signified its less
compactness during the simulation. The results followed an almost similar pattern of trajecto-
ries where WT and W109C systems were more stable and compact than F147C mutant.

Secondary structure analysis

To examine the effect of mutations on the structural contents in PIM1 during the simulations,
the time evolution of the secondary structure of all three systems was explored (Fig 7). As

150000 200000 0 50000 100000 150000 200000 0 50000 100000 150000 200000

Time (ps) Time (ps) Time (ps)

Fig 7. Secondary structural contents of (A) Wild type PIM1; (B) W109C; and (C) F147C mutants calculated after 200 ns of MD trajectories.

https://doi.org/10.1371/journal.pone.0258929.g007
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calculated from the study, the average secondary structural contents are less F147C than the
WT and W109C. A significant decrease was seen in the a-helix of PIM1 after getting the
F147C mutation. The residual content forming the B-strands of PIM1 is also slightly decreased
in F147C, revealing its loss structure and native function. It is important to note that changes
in the secondary structure of PIM1 after getting mutations elucidates less compactness of the
structure due to the loop formation. The evaluation of the secondary structure content of
PIMI and its variants during the simulations would offer deeper insights into the conforma-
tional dynamics of PIM1.

Distance correlation matrix

Distinctive dynamics of PIM1-WT, W109C, and F147C mutants were explored by plotting
DCCM for the correlated and anti-correlated movements in the protein structure (Fig 8). It was
observed from the plots that PIM1 was scattered into several communities across positive and
negative correlations between the residual movements. The movements in PIM1-WT were seen
to be equal to positive and negative movements during the simulation (Fig 8A). Whereas, a sig-
nificant difference was seen in the case of mutants, especially in F147C, with a more positive
correlation (Fig 8C). However, a slight negative correlation was in the W109C mutant, majorly
between 150 to 250 amino acid residues (Fig 8B). Thus, W109C and WT PIM1 seem to be
more similar when compared to F147C, suggested its decreased activity after getting mutation.

Principal component analysis

To qualitatively investigate the impact of mutations on the major conformational movements
in PIM1, the PCA was carried out using the principal component (PCs) based on the first two
eigenvectors (EVs) (Fig 9). The 2D scatter plot illustrated the conformational movements
occupied by PIM1 and its variants (Fig 9A). While the PC1 collective motions for the major
EVs using the PC in PIM1 and its mutants are portrayed in Fig 9B. The 2D scatter plots of all
three systems in Fig 9A signify a notable change in the overall movements of PIM1 after get-
ting the mutations especially, F147C. As can be seen from Fig 9A, F147C spans a negatively
correlated conformational space along EV1 (i.e., -210 A to +05 A) and (-75 A to +10 A) along
with EV2. Whereas W109C showed a restricted exploration along both the eigenvectors (EV1:
-5 A to +105 A, and PC2: -10 A to +75 A) compared to the WT protein. It is evident from the
plot that the F147C mutant gets high negatively correlated fluctuation on EV1, signifying its
altered movements. Whereas in the W109C system, the noticeable positively correlated move-
ment on both EVs. However, PIM1-WT and W109C followed a somehow similar pattern of
movements and overlapped with each other. The scattered features in Fig 9B represent the
transition of the protein movements among the states where F147C showed higher transition
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compared to W109C and WT PIM1. Therefore, the results showed that F147C mutation
induces significant fluctuations in the PIM1 dynamics during the simulation.

Conclusion

To recap the study, we would like to conclude that the computational analysis projected on the
kinase domain of PIM1 predicted the impact of amino acid substitutions, which are directly
associated with causing the structural and conformational destabilization of the protein. Here,
variant W109C and F147C were predicted to significantly alter the metal-binding followed by
the loss of the allosteric site at R105 and K169, respectively. However, variant F147C promoted
a catalytic site gain at the K169 position. At last, the examinations of these variants were car-
ried out, especially with the help of MD simulation studies for 200ns. The variation W109C
[61] and F147C [62] also correlate with the previously reported data. The MD analyses have
shown that the pathogenic impact of these mutations may occur due to the caused structural
alterations in PIM1. MD simulation analyses, including RMSD, RMSF, Rg, SASA, and PCA,
indicate that PIM1 suffers a significant conformational loss in its structure due to mutations,
especially in the case of F147C. Thus, the study provides deeper insights into the conforma-
tional behavior of PIM1 upon mutations. These insights may be further explored to develop
therapeutic strategies against PIM1 associated diseases, including cancer.

Supporting information

S1 Fig. Structural snapshots of PIM1 (A) WT, (B) F147C, and (C) W109C at an interval of 50
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