
Evaluation of Pathogenicity and Structural Alterations for the
Mutations Identified in the Conserved Region of the C‑Terminal
Kinase Domain of Human-Ribosomal S6 Kinase 1
Vaishnvee Chikhale, Nabajyoti Goswami, Mudassar Ali Khan, Probodh Borah, and Ashok K. Varma*

Cite This: ACS Omega 2023, 8, 16273−16283 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: Human-ribosomal s6 kinase 1 (h-RSK1) is an effector kinase of the
Ras/MAPK signaling pathway, which is involved in the regulation of the cell cycle,
proliferation, and survival. RSKs comprise two functionally distinct kinase domains at
the N-terminal (NTKD) and C-terminal (CTKD) separated by a linker region. The
mutations in RSK1 may have the potential to provide an extra benefit to the cancer
cell to proliferate, migrate, and survive. The present study focuses on evaluating the
structural basis for the missense mutations identified at the C-terminal kinase domain
of human-RSK1. A total of 139 mutations reported on RSK1 were retrieved from
cBioPortal, where 62 were located at the CTKD region. Furthermore, 10 missense
mutations Arg434Pro, Thr701Met, Ala704Thr, Arg725Trp, Arg726Gln, His533Asn,
Pro613Leu, Ser720Cys, Arg725Gln, and Ser732Phe were predicted to be deleterious
using in silico tools. To our observation, these mutations are located in the
evolutionarily conserved region of RSK1 and shown to alter the inter- and
intramolecular interactions and also the conformational stability of RSK1-CTKD.
The molecular dynamics (MD) simulation study further revealed that the five mutations Arg434Pro, Thr701Met, Ala704Thr,
Arg725Trp, and Arg726Gln showed maximum structural alterations in RSK1-CTKD. Thus, based on the in silico and MD simulation
analysis, it can be concluded that the reported mutations may serve as potential candidates for further functional studies.

1. INTRODUCTION
The Ras/mitogen-activated protein kinase (MAPK) pathway
regulates fundamental cellular processes like cell cycle control
and progression, apoptosis, cell proliferation, and differ-
entiation.1−3 The ribosomal S6 kinases (RSKs) act down-
stream to the Ras/MAPK signaling pathway to generate the
ultimate functional response. In humans, four RSK isoforms,
termed RSK1, RSK2, RSK3, and RSK4, and two structural
homologs, mitogen and stress-activated kinase (MSK1 and
MSK2), have been reported.4 All the RSK isoforms share 70−
80% sequence identity and are composed of two distinct
nonidentical functional kinase domains at the N-terminal and
C-terminal separated by a linker of ∼100 amino acids.4,5 The
C-terminal kinase domain (CTKD) belongs to the calcium/
calmodulin-dependent protein kinase (CaMK) family, and the
N-terminal kinase domain belongs to the AGC kinase family,
which interacts with different substrates upon activation.5−7

Extracellular signal-regulated kinase 1/2 (ERK1/2) is the
activator of RSKs and interacts with the CTKD on binding at
the ERK docking site (D-domain). The C-terminal tail (CTT)
adjacent to the CTKD is reported to play a regulatory role in
RSK activity as well as ERK-RSK interactions.8,9 The crystal
structure of the CTKD was observed to have a small N-lobe
rich in β-sheets and α-helices, and a large C-lobe rich in α-
helices.7 RSK activation cascade involves a series of

phosphorylation events. Activation starts after the binding of
ERK1/2, which phosphorylates Thr 573 in the activation loop
of the CTKD, followed by autophosphorylation of Ser 380
located in the linker region. This further leads to the
recruitment of phosphoinositidine-dependent kinase 1
(PDK1) on the NTKD, which phosphorylates Ser 221 of the
activation loop at the NTKD, thereby leading to the complete
activation of RSK1.4,5,9 RSKs are ubiquitously expressed in
human tissues and are reported to be functionally redundant.
Intriguingly, in cancer conditions, RSK1 and RSK2 lead to
tumor growth and promotion, while RSK3 and RSK4 act as
tumor suppressors.10 However, the role of different isoforms of
RSKs in cancer development and progression is still not well-
defined. Therefore, it is of utmost important to understand the
functional aspects of all the RSK isoforms for better
therapeutic interventions.11,12 Recently, the aberrant activity
of RSK1 was reported in pancreatic cancer,7 nodular
melanoma,13 breast cancer,14 prostate cancer,15 and high-
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grade glioma,16 and it acts as a key modulator of lung
metastasis.17 Nevertheless, structural and functional conse-
quences of cancer-associated missense mutations reported in
human-RSK1 have not been evaluated. Therefore, under-
standing the pathogenicity and structural dynamics of reported
missense mutations of RSK1 could provide better insights for
functional studies and targeted inhibitor design.
Recent advancement in in silico pathogenicity prediction

tools has eased the process of screening large mutational data
to prioritize and validate mutations using structural and
functional aspects.18−20 Moreover, molecular dynamics simu-
lation is a computational approach to explore the structural
changes in protein structure brought about by mutation. In
addition, these investigations contribute to the understanding
of how mutations affect protein−protein interactions, folding
pattern, and ligand binding for targeted drug design.21−23

Therefore, after screening the pathogenicity using different in
silico tools, molecular dynamics (MD) simulation was
performed to gain more insights into the effect of mutations
on protein structure and dynamics.24−29 The CTKD plays a
crucial role in RSK1 activation. Therefore, the present study
aimed to understand the effect of cancer-associated missense
mutations identified in h-RSK1-CTKD. The objectives of the
current study are to use different in silico tools for screening the
missense mutations identified in RSK1-CTKD and further
explore molecular dynamics simulations to comprehend how
putative pathogenic mutations affect the structural dynamics of
proteins. Furthermore, based on available methodologies and
in silico tools, the workflow was designed to screen the
mutations located in h-RSK1-CTKD (Figure 1). The study
reported here will provide the basis to understand the
functional consequences of mutations identified in h-RSK1-
CTKD.

2. METHODS
2.1. Data Retrieval. Mutation data reported for h-RSK1

were retrieved from cBioPortal (https://www.cbioportal.org/),
which is an open-access platform and the repository for all the
mutations identified from a larger cohort of patient
populations. It provides access to the molecular profile of
tumor samples as well as clinical attributes from an extensive
cancer study.30 The protein sequence of RSK1 was obtained
from the UniProt database (UniProt ID Q15418)31 for in silico
analyses. The three-dimensional structures of RSK1-CTKD
and RSK1-ERK2 complexes were downloaded from the
Protein Data Bank with PDB IDs 3RNY7 and 4NIF32

(https://www.rcsb.org/).33

2.2. In Silico Screening of Mutations Identified in h-
RSK1. Different in silico tools such as SIFT (Sorting Intolerant
From Tolerant) (https://sift.jcvi.org/www/SIFT_seq_
submit2.html), PolyPhen2 (http://genetics.bwh.harvard.edu/
pph2/), PhD-SNP (Predictor of human Deleterious Single
Nucleotide Polymorphism) (https://snps.biofold.org/phd-
snp/phd-snp.html), PMut (http://mmb.irbbarcelona.org/
PMut/analyses/new/), and PROVEAN (http://provean.jcvi.
org/seq_submit.php) were used to screen pathogenicity of
mutations. SIFT predicts whether the substitution is
deleterious or tolerated based on the location of substitution
by the sequence alignment. If the alteration is at a highly
conserved region, then it will be categorized as deleterious with
a score less than 0.05 and as tolerated with a score more than
0.01.34 PolyPhen2 (Polymorphism Phenotyping v2) utilizes an
integrative approach of structural trait and sequence alignment
to generate an evolutionary conservation profile to sort
mutations as benign, probably damaging, and possibly
damaging.35 PhD-SNP generates a comparative conservation
score of multiple sequence alignment, which further identifies

Figure 1. Workflow for mutation assessment.
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the effect of an SNP as a disease or neutral.36 PMut is based on
a neural network and predicts the pathogenicity of single-point
mutation. The prediction score ranges from 0 to 1, and the
cutoff value is set to be 0.5. The neutral substitution value
ranges from 0 to 0.5, whereas the pathogenic is from 0.5 to 1.37

Based on the alignment score for a given protein query,
PROVEAN predicts an effect of substitution on protein
function. The PROVEAN cutoff scores were set to −2.5 to
discriminate between deleterious and neutral substitutions.38

2.3. Analysis of Evolutionary Conserved Amino Acid
Sequences of h-RSK1. The amino acid sequence of h-RSK1-
CTKD was analyzed with ConSurf (https://consurf.tau.ac.il/),
which predicts the evolutionary conservation status of amino
acid residues by determining the phylogenetic relations. Along
with the conservation status, ConSurf also provides the buried
or exposed status of amino acid residues in the given
sequences.39

2.4. Determining the Effect of Mutation on Protein
Stability. The iStable (http://predictor.nchu.edu.tw/iStable/)
tool was used to predict the effect of selected mutations on the
structural stability of h-RSK1-CTKD. iStable is a support
vector machine-based meta predictor, which predicts the effect
of mutation on the stability of a protein structure. It provides a
combined outcome from I-Mutant and MUpro and predicts
the change in protein stability. The amino acid sequence for
RSK1 and default iStable parameters were used to evaluate the
stability of native protein conformation caused by mutations.40

2.5. Prediction of the Structural and Functional
Impact of Mutation on RSK1-CTKD. Have Y(Our) Protein
Explained (HOPE) (https://www3.cmbi.umcn.nl/hope/) is a
fully automated program to predict the effect of mutation on
protein structure and function. It predicts the disease-related
phenotype as well as explains any sort of alterations in protein
structure due to mutation.41 The amino acid sequence for
RSK1 and mutations were used for HOPE prediction.

2.6. Modeling of the RSK1-CTKD Structure. A few
regions in the RSK1-CTKD in PDB ID 3RNY structure were
missing. Therefore, the complete RSK1-CTKD structure
including activation loops (577−585) and phosphate-binding
loops (P-loop, 425−431) along with Lys 438, Ala 439, and Thr
440 was reconstructed using MODELLER 10.0.42 The missing
region of CTT (Ser 709 to Leu 735) was adopted from the
AlphaFold model (AF-Q15418-F1)43 and used as a template
to construct the complete structure of RSK1-CTKD using the
homology modeling by MODELLER. All mutants were
generated from the complete structure using the UCSF
Chimera command line.44

2.7. Molecular Dynamics Simulations. All molecular
dynamics simulations (MDs) were conducted for a time scale
of 200 ns using the GROMACS 2019.5 package with the
AMBER 99SB ILDN all-atom force field at 310 K.45 MD
simulations were run on a DELL PowerEdge R740 Rack server
machine comprising 40 physical processor cores within two
2nd generation Intel Xeon Gold scalable processors accelerated
by an NVIDIA Tesla V100 Tensor Core graphic processor unit
(GPU). Protein structures of each system were placed at the
center of a cubic box in such a way that the distance between
the protein surface and each side of the box was at least 5 Å.
An explicit solvent TIP3P water model was used to hydrate all
the systems within the box. The systems were neutralized by
adding counterions, and energy minimizations were performed
using the steepest descent minimizer for 50,000 steps. The
simulations were performed under periodic boundary con-

ditions with 50,000 steps of NVT (constant number of
particles, volume, and temperature) followed by 50,000 steps
of NPT (constant number of particles, pressure, and
temperature) ensemble. During these position restraint
equilibration runs, V-rescale and Berendsen’s coupling
algorithms were used to keep the temperature (310 K) and
pressure (1 bar) constant, respectively. Finally, 200 ns
production MD runs were performed, allowing all molecules
to move in all directions according to a classical Newtonian
leap-frog MD integrator. The pressure of all the systems was
maintained at 1 bar by isotropic pressure coupling in x, y, and z
components to a Parrinello−Rahman barostat with a time
constant τ = 2.0 ps and a compressibility of 4.5 × 10−5 bar−1 in
all three dimensions. The time steps for the simulations were 2
fs, and the coordinates were stored every 10 ps. The analyses
were performed using the GROMACS 2019.5 package.46−48

2.8. MD Trajectory Analysis and Visualization.
Comparative examination of structural alterations between
the RSK1-CTKD wild-type (WT) and mutants was performed
by analyzing the MD trajectories. The root-mean-square
deviation (RMSD), radius of gyration (Rg), root-mean-square
fluctuations (RMSF), solvent-accessible surface area (SASA),
secondary structure, and intramolecular hydrogen bonds were
analyzed using gmx rms, gmx gyrate, gmx rmsf, gmx sasa, gmx
do_dssp, and gmx hbond of GROMACS. The plots were
generated using Grace software.

2.9. Principal Component Analysis. To identify the
configuration space of anharmonic motion with only a few
degrees of freedom, principal component analysis (PCA) or
essential dynamics (ED) was used. The PCA extracts
dominant modes in the overall molecular motion from MD
trajectories. The motion of structures was identified by the
most vital eigenvector projection in Cartesian trajectory
coordinates. Cartesian principal components were calculated
from a 3N × 3N covariance matrix of the three-dimensional
coordinates of proteins’ backbone (N being the atom of the
backbone) using the gmx covar tool of GROMACS. The
eigenvectors and their corresponding eigenvalues were
analyzed by the gmx anaeig tool to obtain representative
eigenvectors that exhibited essential motion of biological
relevance. The initial six eigenvectors and their corresponding
eigenvalues were extracted from each trajectory, out of which
the first two eigenvectors, commonly regarded as principal
components (PCs) 1 and 2, were analyzed.

3. RESULTS AND DISCUSSION
Overall, 221 mutations were reported for h-RSK1 in cBioPortal
out of which 183 were missense mutations. However, some
mutations were also reported more than once as they were
associated with different cancer studies. Subsequently, sorting
missense mutations resulted in the identification of 139 unique
mutations. Finally, 62 out of 139 mutations were located in the
CTKD region and chosen for in silico and MD analysis (Table
S1).

3.1. Screening of Missense Mutations for Pathoge-
nicity. Five different in silico tools, namely, SIFT, PhD-SNP,
PMut, PROVEAN, and PolyPhen2, were used to screen 62
missense variants located in RSK1-CTKD for pathogenicity. A
total of 21 mutations were categorized as deleterious by at least
four prediction tools. The overall kinase domain was found to
be dynamically active and regulated by different structural and
functional regions present within the domain.49,50 The P-loop
region, catalytic loop, activation loop, and αL helix play a
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crucial role in kinase activity, and hence, the mutations
associated with these regions may affect the functions of a
kinase domain.7,49 h-RSK1-CTT (696−735) acts as a
phospho-switch to regulate the interaction with ERK1/2 and
subsequent activity of RSK1-CTKD.9 Therefore, out of 21
predicted pathogenic mutations, 10 mutations were observed
to be associated with functionally important regions of the
kinase domain (Table 1). Arg434 is located near the P-loop

region, which plays an important role in ATP binding to the
kinase domain. His533 in the catalytic loop plays an essential
role in the kinase activity, whereas Pro613 may be involved in
stabilizing the catalytic loop.7,49 Furthermore, Thr701Met,
Ala704Thr, Ser720Cys, Arg725Trp, Arg725Gln, Arg726Gln,
and Ser732Phe mutations are part of regulatory CTT and
located at the binding interface of ERK-RSK. Though
Ser732Phe was categorized as deleterious by only two in silico
prediction tools, it has been reported that Ser732 undergoes
autophosphorylation, playing a key role in the regulation of
RSK1 interactions with ERK1/2.9 Side chain conformations of
few mutants and the corresponding wild-type residue are
shown in comparison in Figure 2.

3.2. Mutations Located in the Evolutionarily Con-
served Region Affect the Structural Stability. ConSurf
was used to determine the evolutionary conservancy of amino
acid residues of RSK1-CTKD. Selected 10 mutations were
analyzed for the conservation status of their corresponding
wild-type amino acid residue. His533, Ala704, and Thr701

were predicted to be highly conserved and buried. Residues
like Pro613, Ser720, Arg725, Arg726, and Ser732 were
predicted to be highly conserved and exposed, whereas only
Arg434 was averagely conserved and exposed (Figure S1). The
iStable tool determined the effect of mutations on the
structural stability of h-RSK1-CTKD. The RSK1 Pro613Leu,
Ser720Cys, and Ser732Phe mutants were reported to increase
the structural stability, while the rest of the 7 mutations were
predicted to decrease the stability (Table 2).

3.3. Mutations Lead to the Loss of the h-RSK1-CTKD
Interaction Network. The HOPE server revealed that
selected mutations were located in functionally important
regions and protein−protein interacting interfaces. Changes in
hydrophobicity, charge, size of an amino acid residue, and
disruption of hydrogen bonds were predicted for all 10
mutations. The positively charged wild-type residue was
mutated into a neutral residue, and the loss of salt bridge
interactions between Glu422 and Glu443 was predicted in
Arg434Pro. His533Asn may create space and disrupt the
interactions in the protein core as Asn is smaller than His.
Alteration in Pro613 to Leu can create a structural distortion
because of the larger size of a mutated residue than wild-type.
Thr701Met, Ala704Thr, Ser720Cys, and Ser732Phe mutated
to more hydrophobic residues resulting in the loss of hydrogen
bonds and hydrophobic interactions, thereby affecting the
structural integrity. Like Arg434Pro, mutations Arg725Trp,
Arg725Gln, and Arg726Gln show alteration of positively
charged wild-type residues into neutral mutant residues leading
to the loss of external and internal interactions, thereby
affecting the protein function and conformation (Table S2).
Overall, the HOPE server predicted that the mutations alter

Table 1. Prioritized Mutations and Pathogenicity Predicted
by Five In Silico Tools

protein
change

phD-
SNP PMut PROVEAN SIFT PolyPhen2

R434P disease disease deleterious deleterious probably
damaging

H533N disease disease deleterious deleterious benign
P613L disease disease deleterious deleterious probably

damaging
T701M disease disease deleterious deleterious probably

damaging
A704T disease disease deleterious deleterious probably

damaging
S720C neutral disease deleterious deleterious probably

damaging
R725W disease disease deleterious deleterious probably

damaging
R725Q disease disease deleterious deleterious possibly

damaging
R726Q disease disease deleterious deleterious benign
S732F neutral neutral deleterious deleterious benign

Figure 2. Comparative representation of alteration in side chain conformation of WT (green) and mutant (red) residues represented in a stick
model.

Table 2. Effect of Mutation on Protein Stability Predicted
by iStable

protein change iStable iStable conf

R434P decrease 0.8
H533N decrease 0.7
P613L increased 0.5
T701M decrease 0.5
A704T decrease 0.7
S720C increased 0.5
R725W decrease 0.8
R725Q decrease 0.8
R726Q decrease 0.8
S732F increased 0.5
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the interaction network and structural and functional proper-
ties of an RSK1-CTKD.

3.4. Mutations Differentiate into Two Groups Based
on Molecular Dynamics Simulations. To understand the
structural and functional behavior of the mutations, molecular
dynamics simulation was performed. Analyses of RMSD, Rg,
RMSF, SASA, secondary structure, intramolecular hydrogen
bonds, and PCA were done for wild-type and mutant proteins.
All mutations were clustered into two groups based on the
outcome of MD analyses. Mutations Arg434Pro, Thr701Met,
Ala704Thr, Arg725Trp, and Arg726Gln showing major
structural deviation from the wild-type were represented in
one group. Meanwhile, the other group consisting of
His533Asn, Pro613Leu, Ser720Cys, Arg725Gln, and Ser732-
Phe showed less structural deviation than the wild-type.

3.4.1. Mutation Alters the Stability of the h-RSK1-CTKD
Structure. The RMSD value was calculated to understand the
conformational stability of wild-type and mutants during the
simulations. RMSD values of RSK1 Arg439Pro, Thr701Met,
Ala704Thr, Arg725Trp, and Arg726Gln mutants and wild-type
were compared (Figure 3a). The wild-type structure was
observed to have slightly unstable RMSD values till 70 ns
before stabilization. After 70 ns, the RMSD value was
maintained at 0.6 nm throughout the simulation. Arg434Pro
and Thr701Met showed very unstable RMSD throughout the
simulation. The RMSD values of Arg434Pro and Thr701Met
were gradually increased from 0.4 to 0.7 and 1 nm,
respectively. Similarly, the RMSD value for the mutant
Ala704Thr was observed to be 0.8 nm indicating unstable
behavior during the simulation. Mutants Arg725Trp and
Arg726Gln exhibited more stable but slightly higher RMSD
than the wild-type maintaining a value at 0.7 nm. The time-
averaged RMSD values were determined and ranked in
increasing order as Thr701Met (0.81 nm) > Ala704Thr
(0.76 nm) > Arg725Trp (0.75 nm) > Arg726Trp (0.69 nm) >
Arg434Pro (0.64 nm) > WT (0.62 nm) (Table 3). Meanwhile,
mutants His533Asn, Pro613Leu, Ser720Cys, Arg725Gln, and
Ser732Phe exhibited reasonably stable RMSD, all of which
were converged around 0.6−0.7 nm at the end of 200 ns
(Figure S2a).
RSK1 wild-type was observed to have a lower average

RMSD value as compared to Arg439Pro, Thr701Met,
Ala704Thr, Arg725Trp, and Arg726Gln mutants. Based on

the RMSD analysis, it can be concluded that mutations alter
the native structure of a protein and its stability. Since stability
and native conformation are essential for the protein activity
and functions, deviation in any such property due to mutation
may have functional consequences.

3.4.2. Mutations Affect the Structural Compactness of h-
RSK1-CTKD. The radius of gyration depicts the overall protein
dimension, thereby acting as an important parameter to
evaluate the compactness of a protein. To study the effect of
mutation on the structural integrity of h-RSK1-CTKD, the Rg
value was determined for wild-type and mutants. The
mutations Arg34Pro, Thr701Met, Ala704Thr, Arg725Trp,
and Arg726Gln cause major deviation in the structural
compactness of the wild-type protein (Figure 3b). The wild-
type structure was observed to be stable and compact as the Rg
value is stably maintained around 2.1 nm. A stable Rg value
was observed for Arg434Pro till 60 ns and then a gradual drop
in the Rg value from 2.2 to 2.15 nm and a further drop to 2.1
nm up to 100 ns. Thereafter, Rg again increased to 2.1 nm and
was maintained till the end of the simulation. Thr701Met
implied considerable folding and compactness as the Rg value
dropped gradually from 2.25 to 2.03 nm. A mutant structure,
Ala704Thr, exhibited Rg in an interesting manner, which
indicates the elevation of the Rg value up to 2.4 nm at the
beginning of the simulation that immediately dropped down to
2.1 nm within 10 ns. From 20 ns onward, the Rg value of
Ala704Thr showed several ups and down with short time
intervals within the range of 2.1−2.2 nm. It was reflected that

Figure 3. Structural stability and compactness analysis of RSK1-CTKD WT (black) and mutants R434P (red), T701M (green), A704T (blue),
R725W (yellow), and R726Q (brown). (a) RMSD of WT and mutants showing alteration in structural conformation and (b) Rg of WT and
mutants indicating an alteration in compactness of a structure.

Table 3. Time-Averaged Structural Properties Calculated
for Wild-Type, Arg434Pro, Thr701Met, Ala704Thr,
Arg725Trp, and Arg726Glna

analyses WT R434P T701M A704T R725W R726Q

RMSD
(nm)

0.62 0.64 0.81 0.76 0.75 0.69

RMSF
(nm)

0.22 0.25 0.27 0.26 0.22 0.21

Rg (nm) 2.11 2.16 2.07 2.15 2.10 2.13
SASA
(nm2)

101.46 176.87 177.19 175.43 169.24 172.36

aRMSD: root-mean-square deviation, RMSF: root-mean-square
fluctuation, Rg: radius of gyration, and SASA: solvent-accessible
surface area.
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the structure was rapidly folded, unfolded, and refolded at
different intervals of time. From 180 ns onward, the Rg value
of Ala704Thr was elevated beyond 2.2 nm with the trend of a
further increment of Rg at the end of the simulation. Like
Thr701Met, the mutant Arg725Trp also achieved a compact
structure with a stable 2.07 nm Rg value after 80 ns till 200 ns.
In the case of the mutant Arg726Gln, Rg dropped initially from
2.3 to 2.15 nm up to 40 ns, and then, it was observed to be
unstable and fluctuating within 2.1−2.2 nm during the
simulation time. Overall, the average Rg values were calculated
and arranged in increasing order as follows: Arg434Pro (2.16)
> Ala704Thr (2.15) > Arg726Gln (2.13) > WT (2.11) >
Arg725Trp (2.10) > Thr701Met (2.07) (Table 3). Except for
Pro613Leu and Ser732Phe, mutants His533Asn, Ser720Cys,
and Arg725Gln showed resemblance to the wild-type (Figure
S2b). The result indicated that mutants Arg434Pro,
Ala704Thr, and Arg726Gln achieved less compact structures
as their Rg value was higher than the wild-type. The Rg
analysis revealed that the mutations affect the structural
compactness of mutant proteins.

3.4.3. Mutation Perturbs the Structural Flexibility of h-
RSK1-CTKD. RMSF analysis was carried out to understand the
alteration in flexibility of an amino acid residue in RSK1-
CTKD and mutants. The RMSF value for each residue number
was calculated for all mutants and wild-type. The loop region
provides flexibility to a protein structure. The activation loop
(570−580 amino acids) and the terminal region were observed

to give a prominent peak throughout the simulation in WT as
well as mutants. Along with the activation loop, several smaller
peaks appeared at residue positions 431−436, 450−460, 480,
and 500. The highest RMSF value of approximately 1.25 nm
was observed in only the Arg725Trp mutant at the activation
loop compared to other mutants and wild-type. Mutants
Thr701Met, Arg726Gln, Ala704Thr, and Arg434Pro were
observed to be more flexible in the residue range 450−460
with RMSF values of 0.76, 0.74, 0.72, and 0.47 nm, respectively
(Figure 4a). According to the average fluctuation score, the
values were arranged as follows: Thr701Met (0.27 nm) >
Ala704Thr (0.26 nm) > Arg434Pro (0.25 nm) > Arg725Trp
(0.22 nm) = WT (0.22 nm) > Arg726Gln (0.21 nm) (Table
3). Meanwhile, slight variation in flexibility was observed in
His533Asn, Ser720Cys, Arg725Gln, Pro613Leu, and Ser732-
Phe (Figure S3a). Increasing and decreasing trends in
flexibility were observed for the entire residue range
irrespective of the position of a mutation. Thus, RMSF
analysis indicated that the mutation alters the overall flexibility
of a protein structure.

3.4.4. Mutation Alters the Solvent-Accessible Surface Area
(SASA). To predict the effect of mutation on protein structural
integrity, SASA analysis was performed. The wild-type
structure showed a drop in the SASA value from 195 to 162
nm2 during the first 40 ns of simulation, and then, it was
steadily fluctuating between 165 and 180 nm2 (Figure 4b).
Similarly, Arg434Pro mutant SASA values were decreased, but

Figure 4. Structural flexibility and solvent-accessible surface area (SASA) analysis of RSK1-CTKD WT (black) and mutants R434P (red), T701M
(green), A704T (blue), R725W (yellow), and R726Q (brown). (a) RMSF of WT and mutants showing changes in the flexibility of a protein and
(b) SASA of WT and mutants indicating an alteration in an area accessible to the solvent.

Figure 5. Secondary structure analysis. Percentage of residues involved in the formation of α-helix (blue), β-sheet (brown), and coil (orange) in
WT and mutants (a) R434P, T701M, A704T, R725W, and R726Q and (b) mutants H533N, P613L, S720C, R725Q, and S732F showing slight
alterations in the secondary structure introduced due to the mutations.
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from 20 ns onward, it was increased up to 190 nm2, and then,
they were seen fluctuating between 175 and 185 nm2

throughout the simulation. The SASA values for mutants
Thr701Met and Ala704Thr were raised up to 180 nm2 till 140
ns and later achieved the same SASA value as that of the wild-
type. The mutant Arg725Trp was shown to drop the SASA
value considerably from 195 and 190 nm2 and achieved the
lowest value of approximately 160 nm2 at the end of the
simulation; meanwhile, the mutant Arg726Gln showed a slight
fluctuation in the SASA value ranging from 160 to 180 nm2

after 40 ns (Figure 4b). It has been indicated that the average
value of SASA for wild-type (101.46 nm2) is less than those of
the mutants Arg434Pro (176.87 nm2), Thr701Met (177.19
nm2), Ala704Thr (175.43 nm2), Arg725Trp (169.24 nm2), and
Arg726Gln (172.36 nm2) indicating the changes in the

structural integrity of a native protein (Table 3). Mutants
Pro613Leu and Ser732Phe and mutants His533Asn,
Ser720Cys, and Arg725Gln showed similar SASA to that of
wild-type (Figure S3b). The SASA values of mutants
Arg434Pro, Thr701Met, Ala704Thr, Arg725Trp, and
Arg726Gln were higher than that of the wild-type. Hence, it
could be concluded that these mutations may achieve more
expanded structures than the wild-type.

3.4.5. Mutation Introduces Changes in the Secondary
Structure of h-RSK1-CTKD. The secondary structure analysis
was performed to explore the general alterations in the
secondary structure introduced by mutations In the current
analysis, the % of residue involved in the formation of the α-
helix, β-sheet, and coil were considered and plotted for wild-
type and mutants (Figure 5a,b). Slight changes in the % of

Figure 6. Number of intramolecular hydrogen bonding pairs and their % existence throughout the simulation of WT and mutated residues: (a)
number of H-bonding pairs formed by WT (blue) and mutated residues (red) and (b−f) highly scored H-bond existence formed by the WT
residue and mutated residue in (b) R434P, (c) T701M, (d) R725W, (e) A704T, and (f) R726Q.
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residues in the α-helix and β-sheet were observed in
Ala704Thr and Arg725Trp, while notable changes in the α-
helix forming residues were observed in six mutants
Arg434Pro, Thr701Met, Arg726Gln, His533Asn, Pro613Leu,
and Ser720Cys. No major alterations in α-helix and β-sheet
forming residues were observed in Arg725Gln and Ser732phe.
However, all mutations had the least effect on coil forming
residues. Secondary structures play an important role in
protein folding and structural integrity. Aberration in the
secondary structure will lead to the loss of native conformation
and function of a protein. The analysis revealed that
Arg434Pro, Thr701Met, Arg726Gln, His533Asn, Pro613Leu,
and Ser720Cys disrupt the α-helix formation, which may cause
drift in the native structure.

3.4.6. Mutation Alters the Intramolecular Hydrogen
Bonding. Mutation leads to the disruption of several
intramolecular interactions established by wild-type. It can
also form new interactions with other residues, which are
generally not observed in wild-type conditions. The total
number of H-bonds was plotted for mutant residues in
comparison with the wild-type residue. A considerable
decrease in hydrogen bonding pairs was observed in the case

of all arginine mutants such as Arg434Pro, Arg725Trp, and
Arg726Gln, while a slight increase in hydrogen bonding pairs
was noticed in Thr701Met and Ala704Thr (Figure 6a). A
drastic loss in % of H-bond existence was observed in
Arg434Pro mutation as the interactions made by the Arg434
residue were not formed by Pro434 (Figure 6b). The majority
of interactions formed by the Thr701 residue were maintained
in Met701 alteration along with the loss of interactions with
the Ala697 residue (Figure 6c). Alteration of the Ala704
residue into Thr was observed to form several new hydrogen
bonds with Pro622, Leu705, Tyr591, and Tyr702 while
maintaining interactions with Ala700 and Ser708 (Figure 6e).
The interaction of Arg725 with Ile721 was consistent even in
the Trp725 alteration. The increased existence of Arg725-
Ile721 interactions from 25 to 67% in Trp725-Ile721 was
noticed, whereas all-new interactions were formed by the
altered Trp725 (Figure 6d). Mutation of the Arg residue at 726
into Gln forms new interactions with Ala 723, Lys 451, and Ser
457. It was also observed that the interaction of Leu722 and
Glu 718 was not disturbed due to the mutation (Figure 6f).
The mutant His533Asn showed increased H-bonding pairs,
while a decrease in Pro613Leu, Ser720Cys, Arg725Gln, and

Figure 7. Principal component analysis: (a,b) eigenvalue for the first 30 modes of motion of WT and mutants and (c−f) comparative eigenvector
projection profile of WT and mutants. In all four plots, mutants were observed to cover an area less than or more than the WT.
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Ser732Phe was observed (Figure S4). Hydrogen bonds are
important for the stability of a protein as well as direct protein
folding. The loss of hydrogen bonds may cause a loss of
protein stability and conformation. In the current analysis, it
was found that all other mutants except Thr701Met have a
reduced number of hydrogen bonding pairs, which may lead to
a gain in overall structural flexibility.

3.5. Mutations Affect the Dynamic Behavior of RSK1-
CTKD. Principal component analysis (PCA) was performed to
understand the alteration in the dynamic behavior of a protein.
PCs are eigenvectors having larger eigenvalues that represent a
significant role in the overall motion of the structure. The
eigenvalues were plotted against the corresponding eigenvector
index for the first 30 modes of motion. Significantly, dominant
motions with higher eigenvalues were observed for the first five
eigenvectors, whereas the remaining eigenvectors exhibited
remarkably low eigenvalues in the overall system (Figure 7a,b).
Here, the first two PCs (PC1 and PC2) were selected to
analyze their projection of trajectories in the phase space
during simulation. Mutants Arg434Pro and His533Asn,
Thr701Met and Ala704Thr, Arg725Trp and Ser720Cys, and
Arg726Gln and Ser732Phe were observed to be unstable and
flexible as they occupied more space than the wild-type;
meanwhile, low space was observed to be occupied by
Pro613Leu and Arg725Gln indicating the reduced stability of
the mutant protein (Figure 7a−f). Therefore, the PCA analysis
suggested that the mutants perturb the structural stability and
flexibility of a protein.
Overall, the results implied that mutants Arg434P,

Thr701Met, Ala704Thr, Arg725Trp, and Arg726Gln consid-
erably alter the structural flexibility, integrity, and stability of h-
RSK1-CTKD. It is well-known that RSK1 acts as a response
element of the Ras/MAPK pathway that regulates diverse
cellular processes such as growth, proliferation, differentiation,
and survival. The five mutations Arg434P, Thr701Met,
Ala704Thr, Arg725Trp, and Arg726Gln prioritized in the
current study may affect the interaction of RSK1 with ERK1/2,
which could subsequently alter the activation and functions of
RSK1. These mutations may alter the paradigm of RSK1
activation and its kinetic potential, which can lead to
subsequent functional consequences. Molecular dynamics
simulation was used in the current study to analyze the
structural dynamics of a mutated as well as wild-type protein,
which is of great importance for a follow-up functional study.

4. CONCLUSIONS
In this study, combined in silico screening approaches were
employed to identify pathogenic mutations in h-RSK1
retrieved from cBioPortal. Based on the pathogenic score
predicted by computational tools and the location of
substitution, 10 missense mutations Arg434Pro, Thr701Met,
Ala704Thr, Arg725Trp, Arg726Gln, His533Asn, Pro613Leu,
Ser720Cys, Arg725Gln, and Ser732Phe could be potentially
deleterious. Furthermore, the molecular dynamics simulation
analysis was used to explore the effect of these deleterious
missense mutations on the conformation of the h-RSK1-
CTKD structure. The RSMD, RMSF, and Rg analysis revealed
that mutations alter the stability, flexibility, and compactness of
the native protein. Based on SASA and secondary structure
analysis, it was observed that the mutations affect the solvent-
accessible surface as well as slight alteration in the secondary
structure. Superimposed structures extracted at various time
points during the simulations depict that Arg434Pro,

Thr701Met, Ala704Thr, Arg725Trp, and Arg726Gln show
dynamic conformational changes in the P-loop, activation loop,
catalytic loop, and CTT. Alterations at such structural and
functional regions may cause functional impairment in the
kinase activity of RSK1-CTKD (Figure S5). Moreover,
calculation of hydrogen bonding pairs suggested that the
mutations resulted in the loss of intramolecular hydrogen
bonding, thereby affecting the structural integrity of the
protein. These findings were further supported by PCA
analysis, which also revealed that the mutations had an effect
on the stability and flexibility of the native protein. It was
observed that Arg434Pro, Thr701Met, Ala704Thr, Arg725Trp,
and Arg726Gln mutations perturb the structural integrity,
stability, and flexibility of the native protein to a great extent.
Overall, the study provided significant insights into the
structural consequences of reported RSK1 mutations in cancer.
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