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Abstract
Human CXCR1 is a G-protein α subunit i (Gαi)-coupled receptor (GPCR) that plays an 
important role in promoting leukocyte recruitment and activation in inflammatory regions; 
thus, its genetic contribution to human disorders warrants further investigation. In this 
study, we investigated whether oncogenic missense mutations in CXCR1 would affect its 
activity and hinder its ability to interact with its ligand. This study utilized a bioinformatics 
approach and employed precise and thorough computational methods to gain insights 
into the molecular characteristics of mutated CXCR1 that are responsible for causing 
diseases. I-TASSER was used to construct a mutant model with the required mutations. 
Schrödinger’s Desmond software was used to evaluate how mutations affect the stability 
and function of proteins. In this study, 299 CXCR1 missense mutations were examined; 
53 of these were reported to be disease-causing, five of which were directly associated 
with cancer. The impact of the three cancer-causing mutations (N57D, R135C, and P302S) 
on protein stability and function was subsequently examined through computational 
analysis. Positions N57, R135, and P302 were determined to be highly conserved, and 
substitutions with aspartic acid (D), cysteine (C), and serine (S), respectively, could impair 
CXCR1 activity. Hence, our findings suggested that these mutations could alter CXCR1 
ligand binding activity, lowering the risk of cancer and helping patients defend against 
pathogen invasion during a neutrophil-mediated innate immune response.
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1. Introduction
CXCR1 is a rhodopsin-like (class  A) G protein-coupled 
receptor (GPCR) that plays a crucial role in cellular signaling 
and is being investigated as a potential drug receptor due 
to its involvement in various physiological processes.1,2 
Rhodopsin is commonly used as a standard structure for 
mimicking GPCRs, and many rhodopsin structures have 
been characterized in protein databases (PDBs).3 CXCR1 
is one of two receptors that has a strong binding affinity 
for the CXC chemokine interleukin-8 (IL-8).4 IL-8 is also 
known to regulate inflammatory and immune responses 
and has been linked to various diseases, including cancer.5 
On exposure to inflammatory stimuli, the chemokine IL-8 
binds to the extracellular (EC) region of CXCR1.6 Despite 
the physiological importance of CXCR1, the underlying 
molecular mechanism of its signal transduction pathway is 
poorly understood, primarily due to the limited availability 
of its structural information.7

GPCRs, including CXCR1, typically consist of seven 
transmembrane (TM) helices, four EC regions (comprising 
the N-terminal and three interhelical loops), and four 
intracellular (IC) regions (including the C-terminal and 
three interhelical loops).8 Among the seven TM helices, 
TM3 and TM6 are regarded as pivotal elements responsible 
for activating switches in GPCRs, and these regions play a 
critical role in the transition from a partially active state to a 
fully activated state, particularly in the interactions between 
G proteins and receptors.8,9 Crystal structures of the human 
adenosine A2A receptor bound to rhodopsin and agonists 
indicate that GPCR activation is induced by the disruption 
of crucial interhelical interactions.10 Activation involves the 
rotation of the TM3 and TM6 domains, thereby altering 
the conformational structure of the receptor’s G protein-
interacting cytoplasmic loops to expose previously masked 
G protein-binding sites on the IC loops.11 Recent advances 
in GPCR structural determination have studied the 
molecular mechanisms of GPCR activation and activity in 
various cellular processes, such as hormone signaling and 
neurotransmission.12 The techniques used to study GPCRs 
involve several modifications, including making changes 
to the receptors themselves, adding small molecules to 
stabilize them, and using specialized lipid mixtures to form 
crystals that can be analyzed.13,14 Activation of CXCR1 
requires the involvement of both amino-terminal residues 
and EC loops. In this process, GPCR IC loops play a crucial 
role in facilitating interactions with G proteins during 
signaling.4,15

According to experimental research, charge 
significantly influences the interaction of CXCR1 with 
IL-8/CXCL8, and charged residues in the third and fourth 
EC loops are essential for this association.16 Nuclear 

magnetic resonance spectroscopy (NMR) investigations 
have also reported that residues after the CXC sequence 
and those in the core β sheet of IL-8/CXCL8 bind directly 
to the N-terminus of CXCR1.17 The ELR motif of the CXC 
chemokine on the N-terminus of IL-8/CXCL8 plays a 
role in the interaction of the chemokine with CXCR1.18 
Swapping the IC C-terminal regions consisting of 60 amino 
acids between CXCR1 and CXCR2 reportedly reversed 
the antagonistic effects of these receptors.19 Further 
studies have demonstrated that the relative antagonistic 
effects of CXCR1 on CXCR2 were determined by a single 
amino acid residue: lysine 320 in CXCR2 and asparagine 
311 in CXCR1.19 The charged amino acids play a crucial 
role in maintaining the local structural stability required 
for binding in CXCR1, and mutating them disrupts this 
stability and prevents binding.6 The mutations that were 
studied involved charged amino acids in various regions of 
the CXCR1 receptor, including TM helices and EC loops.20 
These mutations were predicted to alter the local structure 
of the receptor and potentially affect its ability to bind to 
other molecules. Specifically, the mutations were predicted 
to disrupt ion pairs, and oppositely charged amino acids 
would form bonds that can affect the receptor’s capacity to 
maintain a stable structure in these regions.21

Identifying deleterious mutations and predicting 
the effects of missense mutations on protein structure 
and function have become important applications of 
computational analysis.22 This approach can aid in the 
design of new drugs and therapies for treating various 
genetic diseases; for this reason, in the present study, we 
evaluated the possible consequences of mutations in the 
various CXCR1 domains that can affect protein function and 
interactions with ligands. To categorize harmful mutations, 
we initially used several computational algorithms, 
including Meta-SNP,23 PMut,24 and PROVEAN.25 We also 
utilized the FATHMM server to detect specific genetic 
variants associated with carcinogenesis within disease-
causing mutations.26 Moreover, we employed mCSM,27 
SDM,28 and DUET29 to predict the impact of these mutations 
on the structure and stability of the corresponding proteins. 
The I-TASSER server was used to create a mutation model 
with the necessary missense mutation, and Schrödinger’s 
Desmond 3D modeling software was used to explore the 
structural changes that affect the stability and function of 
the CXCR1 protein.

2. Methods
2.1. Collection of datasets

To obtain information on CXCR1 missense mutations, the 
study collected data from Ensembl (release 109)30 and the 
Universal Protein Resource Knowledgebase (UniProtKB), 
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including sequence information in FASTA format (UniProt 
ID: P25024) from the National Centre for Biological 
Information (NCBI).31,32 The structural information of 
CXCR1 was obtained from the Protein Data Bank (PDB) 
(http://www.rcsb.org/) with PDB ID: 2LNL.33

2.2. Computer-assisted pathogenicity analysis of the 
mutations

Computational techniques play a vital role in assessing the 
effect of mutations on proteins and distinguishing between 
deleterious and benign single-nucleotide variations. This 
capability is crucial for accurately distinguishing the impact 
of genetic alterations on protein function, facilitating the 
identification of disease-causing mutations. Meta-SNPs 
are web-based tools (http://snps.biofold.org/meta-snp/) 
that employ multiple predictive algorithms to assess the 
potentially detrimental effects of protein mutations.23 The 
tool integrates other prediction methods, such as SNAP,34 
PhD-SNP, PANTHER,35 and SIFT,36 into the system, 
making it one of the most powerful tools for predicting 
the impact of mutations on protein function. Meta-
SNPs utilize a random forest algorithm consisting of 100 
decision trees implemented through the WEKA library.37 
This algorithm was trained on the SV-2009 dataset using 
a rigorous 20-fold cross-validation methodology.23 The 
output of this predictor is a probability score indicating 
the likelihood of a mutation causing a disease, with scores 
<0.5 indicating a greater likelihood of the mutation being 
pathogenic.38

The PROVEAN web server applies an alignment-
created scoring methodology to determine whether an 
amino acid replacement affects a protein’s biological 
function.25 In this approach, mutations with final scores 
<2.5 were considered harmful. The web server can be 
accessed at (http://provean.jcvi.org/seq_submit.php).39

2.3. Analysis of protein stability

Mutations in a protein can modify its stability and free 
energy, wherein the difference in free energy (ΔΔG) between 
the mutated (ΔGm) and wild-type (ΔGw) proteins reflects 
the effect of mutation on protein stability.28,40 A negative 
ΔΔG value represents a destabilizing mutation, while a 
positive ΔΔG value indicates a stabilizing mutation.28,40 
Several computational approaches, including mCSM, 
SDM, and DUET, were used to determine the effect of 
mutations on protein stability.28

SDM2 (http://marid.bioc.cam.ac.uk/sdm2) is a 
computational method designed to predict the quantitative 
impact of mutations on protein stability.28,41 SDM2 analyses 
the variation in potential amino acid substitutions within 
a specific structural environment tolerated by homologous 

proteins with known 3D structures.42 This information is 
used to generate substitution probability tables, which are 
subsequently employed to estimate the predicted impact of 
a mutation on protein stability.41

The mCSM computational approach (http://structure.
bioc.cam.ac.uk/mcsm)27 was specifically designed 
to predict the effects of missense mutations on both 
protein stability and interactions with its corresponding 
ligands.22 This prediction technique utilizes graph-based 
signatures to capture atom distance patterns, enabling 
precise evaluations of the effect of mutations on protein 
stability and interactions. In detail, mCSM encodes spatial 
relationships between atoms and provides insights into 
the structural consequences of genetic variations at the 
atomic level.43 These signatures enable the mapping of the 
protein residue environment and the training of predictive 
models. In addition to evaluating the effect of mutations 
on protein stability, mCSM also takes into account possible 
interactions with proteins and nucleic acids. Therefore, 
the mCSM computational approach can provide valuable 
insights into how mutations might contribute to the 
development of various diseases.44

DUET (http://structure.bioc.cam.ac.uk/duet)29 is a 
computational method that combines two prediction 
approaches, mCSM and SDM, to accurately predict the 
effects of missense mutations on protein stability.29 The 
predictions generated by these methods are combined 
using support vector machines (SVMs) that have been 
trained with sequential minimal optimization.45 By 
integrating these methods, DUET can produce a consensus 
prediction, offering a reliable and optimized approach for 
accurately predicting the effects of mutations on protein 
stability.29

2.4. Evaluation of cancer-related mutations through 
the FATHMM server

We utilized the FATHMM server (http://fathmm.
biocompute.org.uk/cancer.html) to assess the relevance of 
harmful mutations to cancer. This web-based tool provides 
predictions that enable differentiation between cancer-
causing mutations and other nonpathogenic germline 
polymorphisms.46 We accurately assessed the potential 
role of deleterious mutations in cancer development, 
enhancing our understanding of the genetic basis of cancer 
and facilitating the identification of clinically significant 
mutations.26

2.5. Protein structure modeling of the mutation site

To construct a mutant model of CXCR1 with targeted 
mutations (N57D, R135C, and P302S), the crystal structure 
of the native protein was downloaded from PDB, and the 
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I-TASSER server was subsequently used with a multiple 
threading approach to construct the desired mutant 
model.47

2.6. Evaluation of the quality of the protein model

The CXCR1 protein is a complex molecule composed of 
amino acids, and its function is associated with its specific 
3D structure. Understanding the structure of a protein can 
provide insights into its function, interactions with other 
molecules, and potential roles in biological processes, and 
the CXCR1 protein is a chemokine receptor involved in the 
immune system and inflammation.48 The CXCR1 mutant and 
native protein models were designed through the I-TASSER 
server47 and subsequently subjected to quality validation 
using the RAMPAGE server (https://servicesn.mbi.ucla.edu/
PROCHECK).49 The quality validation involved analyzing 
the stereochemical features of the models, including bond 
lengths, bond angles, and torsion angles, thereby ensuring 
that the protein models have a geometrically and chemically 
plausible conformation. Significant deviations in the model’s 
stereochemical features from expected values may indicate 
errors in the model.49 In addition, the protein models 
were compared against experimental data to evaluate 
their arrangement with known structural properties. This 
comparison aimed to validate the accuracy of the predicted 
models by assessing how well they aligned with the actual 
structure of the CXCR1 protein.

The quality of the protein models refers to their 
accuracy and reliability in representing the true 3D 
structure of the CXCR1 protein. The validation process 
ensures that the models have appropriate stereochemical 
features and are consistent with the experimental data, 
enhancing confidence in their utility for further research 
and analysis.50 Using the RAMPAGE server, we ensured 
the reliability of the mutant and normal protein models 
by checking the stereochemical quality of the protein 
structure by analyzing the residue-by-residue geometry 
and overall structural geometry.

2.7. Molecular dynamics simulation

Molecular dynamics simulation (MDS) is a computational 
technique that simulates the movements and interactions 
of atoms and molecules over time. It provides a dynamic, 
detailed view of how biological molecules, such as 
proteins, behave at the atomic level for studying molecular 
structures, dynamics, and interactions, offering insights 
that are often challenging to obtain through experimental 
methods.51 In MDS, a protein model is a 3D representation 
of the protein’s structure that is used as the starting point 
for simulations.51 The quality of the model is crucial 
for obtaining accurate simulation results.52 Key factors 
for a high-quality protein model include an accurate 

representation of the native structure, compatibility with 
a suitable force field, inclusion of the surrounding solvent 
and relevant environmental factors, and the ability to 
undergo post-simulation analysis.53 Ensuring these aspects 
enhances the reliability and biological relevance of insights 
gained from MDS.

The mutant and normal model structures with the 
highest I-TASSER score, indicating their favorable 
conformational arrangement, were chosen for subsequent 
investigation and analysis.47 To investigate the effect 
of the identified mutations on the structure of CXCR1 
at the mechanistic level, we conducted an MDS using 
Schrödinger’s Desmond software.54,55 Specifically, we 
analyzed the effects of the N57D, R135C, and P302S 
mutations on the protein structure over a simulation 
period of 100 ns.56 As a critical first step, protein docking 
was performed before MDS, predicting the static binding 
position of the molecule at the active site of the protein 
and providing important information for the subsequent 
analysis of the protein’s structure and function during 
the simulation.55 MDS typically utilizes Newton’s classical 
equation of motion to simulate the movements of atoms 
over time, providing predictions of ligand-binding status 
in various physiological environments.51 By modeling 
the behavior of individual particles based on physical 
laws, MDS can provide valuable insights into the 
dynamic behavior and stability of proteins under diverse 
conditions.54 Maestro’s Protein Preparation Wizard was 
used to optimize, minimize, and replace missing residues in 
the CXCR1 receptor protein. In addition, the MDS system 
was constructed using the System Builder tool, where 
the TIP3P (Intermolecular Interaction Potential 3 Points 
Transferable) solvent model with 300 K temperature, 1 
atm pressure, and OPLS_2005 force field was applied.57 
The models were neutralized by adding counterions and 
0.15 M sodium chloride and subsequently used to simulate 
physiological conditions. Before simulation, the models 
were equilibrated, and trajectories were saved for analysis 
every 100 ps.58 The stability of the simulations was assessed 
by calculating the root mean square deviation (RMSD) 
and root mean square fluctuation (RMSF) of the proteins 
during the simulation period.58

RMSD determines the average change in the distance 
of a set of atoms concerning a reference frame, and it is 
computed for each frame of trajectory.59 The RMSD for 
frame x is:

( )
=

= −∑
1

X
2 1/ r`RMS i(35)D ( ))

n

i

N ri tref � (I)

Where N is the number of atoms in atom selection; tref 
is the reference time (typically, the first frame is used as 
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a reference, and time is considered as t = 0); and r is the 
position of selected atoms in frame x after superposition 
with the reference frame (frame x being recorded at time 
tx). The procedure was repeated for each frame in the 
simulation trajectory.59

RMSF is useful for characterizing local changes in the 
protein chain.54 The RMSF for residue i is:

( )i
2

1

 1/ ` (t) ( ))RMSF
T

t

T r i ri tref
=

< −= >∑ � (II)

Where T is the flight path time over which the RMSF 
is calculated; tref is the reference time; ri is the position of 
residue I; r is the position of the atoms in residue I after an 
overlay with the reference; and the angle brackets indicate 
that the mean squared distance is taken over the selection 
of the atoms in residue I.54

2.8. Analysis of secondary structure changes in 
CXCR1 proteins

The Database of Secondary Structure in Proteins tool 
utilizes hydrogen bonding and other secondary structure 
markers to categorize protein residues and examine 
alterations in secondary structure patterns between 
wild-type and mutant CXCR1 proteins.60 The resulting 
secondary structure patterns were plotted for comparison.

3. Results
This study demonstrated that missense mutations in the 
CXCR1 gene significantly affected the molecular structure, 
stability, and function of the resulting protein. This finding 
suggested that the altered protein could be dysfunctional 
and contribute to the development or progression of 
disease. The study utilized advanced computational 
methods to screen for protein stability, cancer-causing 
mutations, and pathogenicity.

3.1. Retrieving the dataset of missense mutations

To explore the potential effects of CXCR1 gene mutations 
on protein function, we acquired a comprehensive list 
of 299 mutations (Table S1) from a publicly available 
database. These mutations are distributed throughout 
different coding regions of the gene, allowing for a 
comprehensive assessment of the potential impact on 
protein functionality.

3.2. Analysis of missense mutations

The importance of missense mutations in amino acids 
can be used to assess the pathogenic implications of 
these mutations. PMut, PROVEAN, and Meta-SNPs 
(PANTHER, PhD-SNP, SIFT, and SNAP) were used to 
investigate the 299 missense mutations. We found that 53 

mutations in CXCR1 could cause harm and disease, and 
these mutations were located across multiple domains of 
the protein (Table 1).

3.3. Prediction of the impact of mutation on CXCR1 
protein stability

Three algorithms, mCSM, SDM, and DUET, were used 
to predict the 299 mutations and their impact on protein 
stability. mCSM predicted that 19 mutations would 
strongly destabilize protein stability, SDM predicted that 
183 mutations would reduce CXCR1 protein stability, and 
DUET predicted that 240 amino acids would affect the 
stability of the CXCR1 protein (Table 2).

3.4. Identification of potential carcinogenic 
mutations in CXCR1

In CXCR1, 299 mutations were identified using the 
FATHMM server to determine their potential role 
in carcinogenesis. The analysis revealed five specific 
carcinogenic mutations (N57D, R135C, R135H, R135L, 
and P302S) (Table  3), and these mutations were located 
across different regions of CXCR1.

3.5. Conservation analysis

From the five identified carcinogenic mutations, three 
mutations, N57D, R135C, and P302S, were selected for 
further analysis. This analysis utilized the ConSurf server 
tool to examine the conservation and location of these three 
mutations.61 The results indicated high conservation levels 
at these locations, with a score of 9 on the scale presented 
in Figure 1A-C. Based on these findings, we subsequently 
investigated the impact of these three mutations on protein 
stability and function through simulated computational 
analysis.

3.6. Selection of the mutant CXCR1 structure

The control model for the native protein was the 3D 
structure of CXCR1 (PDB ID 2LNL).62 The I-TASSER server 
was used to locate template proteins with comparable folds 
from the PDB database and construct 10,000 conformations 
(decoys) from a mutant sequence.63 I-TASSER utilized the 
SPICKER tool to cluster the generated conformations by 
performing pairwise structural alignments.64 This process 
grouped similar conformations, enabling a more organized 
analysis of the protein structures. Consequently, five 
separate clusters emerged, each having a large number of 
models with identical structures. I-TASSER then selected 
a representative model from each of these clusters to 
construct five final models that best represented the varied 
conformation predictions.64 The first model was selected 
for further investigation because it had the greatest 
confidence level (C-score).47 Ramachandran plots were 
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Table 2. Predicted CXCR1 mutations that decrease or damage protein stability using computational servers

Serial number Computational server

SDM mCSM DUET

ΔΔG Prediction of protein stability ΔΔG Prediction of protein stability ΔΔG Prediction of protein stability

1 0 Enhance −0.8 Damaging −0.49 Damaging

2 0 Enhance −0.989 Damaging −0.691 Damaging

4 0 Enhance −0.623 Damaging −0.253 Damaging

5 0 Enhance −0.8 Damaging −0.49 Damaging

6 −1.29 Decrease −0.88 Damaging −0.959 Damaging

7 0.02 Enhance −0.126 Damaging 0.101 Stabilizing

8 −0.05 Decrease −1.091 Damaging −0.676 Damaging

9 −0.42 Decrease −2.522 Highly damaging −2.139 Damaging

10 −0.59 Decrease −2.751 Highly damaging −2.931 Damaging

11 −0.8 Decrease −3.373 Highly damaging −3.693 Damaging

12 −0.46 Decrease −0.337 Damaging −0.444 Damaging

13 −0.25 Decrease −0.635 Damaging −0.508 Damaging

14 −0.18 Decrease −0.387 Damaging −0.031 Damaging

15 0.1 Enhance −0.375 Damaging −0.062 Damaging

16 0.78 Enhance −0.28 Damaging 0.24 Stabilizing

17 −0.18 Decrease −0.543 Damaging −0.292 Damaging

18 −0.43 Decrease −0.295 Damaging −0.011 Damaging

19 −0.11 Decrease −0.573 Damaging −0.274 Damaging

20 −0.11 Decrease 0.093 Stabilizing 0.172 Stabilizing

21 3.78 Enhance −0.42 Damaging 0.437 Stabilizing

22 1.18 Enhance −0.265 Damaging 0.111 Stabilizing

24 0.78 Enhance −0.297 Damaging 0.296 Stabilizing

25 −0.29 Decrease −0.623 Damaging −0.456 Damaging

26 0.67 Enhance −0.531 Damaging −0.09 Damaging

27 0.25 Enhance −0.6 Damaging −0.151 Damaging

28 −0.5 Decrease −0.125 Damaging 0.139 Stabilizing

29 0.34 Enhance −0.048 Damaging 0.468 Stabilizing

30 −0.98 Decrease −0.491 Damaging −0.407 Damaging

31 −0.63 Decrease −0.814 Damaging −0.846 Damaging

32 0.36 Enhance −0.299 Damaging 0.192 Stabilizing

34 0.23 Enhance −0.398 Damaging 0.045 Stabilizing

35 −0.65 Decrease −0.231 Damaging 0.174 Stabilizing

36 0.09 Enhance −0.598 Damaging −0.221 Damaging

37 −2.05 Decrease −1.013 Damaging −1.122 Damaging

38 −1.01 Decrease −1.571 Damaging −1.411 Damaging

39 −2.5 Decrease −2.547 Highly damaging −2.932 Damaging

40 0.64 Enhance −1.12 Damaging −0.806 Damaging

41 0.04 Enhance −1.266 Damaging −1.102 Damaging

42 −2.23 Decrease −0.564 Damaging −0.569 Damaging

43 −2.23 Decrease −1.29 Damaging −1.158 Damaging

(Cont’d...)
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Table 2. (Continued)

Serial number Computational server

SDM mCSM DUET

ΔΔG Prediction of protein stability ΔΔG Prediction of protein stability ΔΔG Prediction of protein stability

44 −0.67 Decrease −1.492 Damaging −1.302 Damaging

45 −0.62 Decrease −2.418 Highly damaging −2.346 Damaging

46 0.43 Enhance −0.838 Damaging −0.466 Damaging

47 −2.23 Decrease −0.799 Damaging −1.093 Damaging

48 −0.15 Decrease −1.34 Damaging −0.823 Damaging

49 0.11 Enhance −0.995 Damaging −0.382 Damaging

50 −2.23 Decrease −0.793 Damaging −1.086 Damaging

51 −0.2 Decrease 0.141 Stabilizing 0.532 Stabilizing

52 −1.5 Decrease −1.928 Damaging −2.145 Damaging

53 −0.35 Decrease −1.305 Damaging −1.083 Damaging

54 −0.91 Decrease −0.095 Damaging 0.13 Stabilizing

55 −1.51 Decrease −0.661 Damaging −0.629 Damaging

56 0.22 Enhance −0.199 Damaging 0.255 Stabilizing

57 −1.21 Decrease −0.267 Damaging −0.138 Damaging

58 −0.3 Decrease −0.47 Damaging −0.246 Damaging

59 −0.4 Decrease −0.633 Damaging −0.48 Damaging

60 −0.33 Decrease −0.293 Damaging −0.291 Damaging

61 0.09 Enhance −0.657 Damaging −0.537 Damaging

62 −0.59 Decrease −0.984 Damaging −0.909 Damaging

63 0.35 Enhance −0.726 Damaging −0.256 Damaging

64 −0.01 Decrease −1.113 Damaging −0.965 Damaging

65 −0.17 Decrease −0.79 Damaging −0.529 Damaging

66 −0.97 Decrease −1.319 Damaging −1.476 Damaging

67 −0.2 Decrease −0.734 Damaging −0.402 Damaging

68 0.11 Enhance −1.439 Damaging −0.979 Damaging

69 −1.35 Decrease −2.371 Highly damaging −2.214 Damaging

70 −2.75 Decrease −0.963 Damaging −1.327 Damaging

71 −0.52 Decrease −0.638 Damaging −0.101 Damaging

72 0.12 Enhance −1.215 Damaging −0.799 Damaging

73 −0.85 Decrease −0.668 Damaging −0.546 Damaging

74 −3.32 Decrease −2.982 Highly damaging −3.32 Damaging

75 0.57 Enhance −1.063 Damaging −0.659 Damaging

76 −0.37 Decrease −0.994 Damaging −0.708 Damaging

77 −1.41 Decrease −1.807 Damaging −1.933 Damaging

78 −2.61 Decrease −1.29 Damaging −1.518 Damaging

80 −1.48 Decrease −1.249 Damaging −1.528 Damaging

81 1.62 Enhance −1.559 Damaging −1.017 Damaging

82 0.34 Enhance −1.298 Damaging −0.848 Damaging

83 1.06 Enhance −1.306 Damaging −0.776 Damaging

84 −2.83 Decrease −2.726 Highly damaging −2.636 Damaging

(Cont’d...)
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Serial number Computational server

SDM mCSM DUET

ΔΔG Prediction of protein stability ΔΔG Prediction of protein stability ΔΔG Prediction of protein stability

85 −1.49 Decrease −1.472 Damaging −1.575 Damaging

86 −1.53 Decrease −1.293 Damaging −1.237 Damaging

87 0.65 Enhance −0.161 Damaging 0.297 Stabilizing

88 −2.65 Decrease −1.377 Damaging −1.674 Damaging

89 −0.4 Decrease −1.656 Damaging −1.308 Damaging

90 −0.22 Decrease −1.243 Damaging −1.164 Damaging

91 −0.03 Decrease −0.151 Damaging 0.239 Stabilizing

92 −1.33 Decrease −0.923 Damaging −0.83 Damaging

93 −0.65 Decrease −1.619 Damaging −1.655 Damaging

94 0.37 Enhance −1.002 Damaging −0.604 Damaging

95 −1.47 Decrease −0.408 Damaging −0.546 Damaging

96 0.64 Enhance −0.62 Damaging −0.322 Damaging

97 0.47 Enhance −0.349 Damaging 0.008 Stabilizing

98 0.64 Enhance −0.62 Damaging −0.322 Damaging

99 −2.1 Decrease −1.016 Damaging −1.246 Damaging

100 0.09 Enhance −1.65 Damaging −1.233 Damaging

101 0.07 Enhance −1.903 Damaging −1.582 Damaging

102 0.18 Enhance −1.353 Damaging −1.029 Damaging

103 0.16 Enhance −0.107 Damaging 0.101 Stabilizing

104 −1.65 Decrease −0.904 Damaging −1.041 Damaging

105 −0.53 Decrease −1.465 Damaging −1.453 Damaging

106 0.12 Enhance −0.56 Damaging −0.459 Damaging

107 −1.31 Decrease −1.67 Damaging −1.548 Damaging

108 0.78 Enhance −1.844 Damaging −1.726 Damaging

109 −2.55 Decrease −1.164 Damaging −1.541 Damaging

110 −4.41 Decrease −1.686 Damaging −2.378 Damaging

111 −2.05 Decrease −1.481 Damaging −1.619 Damaging

112 −3.12 Decrease −2.55 Highly damaging −2.883 Damaging

113 −1.12 Decrease −0.883 Damaging −0.605 Damaging

114 0.06 Enhance −1.291 Damaging −1.084 Damaging

115 0.16 Enhance −0.467 Damaging −0.21 Damaging

117 −0.32 Decrease −1.154 Damaging −1.048 Damaging

118 1.25 Enhance −0.593 Damaging 0.048 Stabilizing

119 −0.74 Decrease −0.781 Damaging −0.681 Damaging

120 0.3 Enhance −0.047 Damaging 0.352 Stabilizing

121 −0.06 Decrease −1.476 Damaging −1.263 Damaging

122 −2.05 Decrease −1.446 Damaging −1.582 Damaging

123 −1.06 Decrease −1.247 Damaging −1.171 Damaging

124 −0.09 Decrease −1.191 Damaging −1.071 Damaging

125 −0.35 Decrease −0.029 Damaging −0.118 Damaging

126 −0.38 Decrease −0.181 Damaging −0.253 Damaging

(Cont’d...)
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Serial number Computational server

SDM mCSM DUET

ΔΔG Prediction of protein stability ΔΔG Prediction of protein stability ΔΔG Prediction of protein stability

127 0.19 Enhance −1.058 Damaging −0.982 Damaging

128 −0.33 Decrease −0.244 Damaging −0.312 Damaging

129 0.42 Enhance −0.229 Damaging 0.08 Stabilizing

130 0.27 Enhance −0.333 Damaging −0.096 Damaging

131 −0.19 Decrease −0.034 Damaging 0.08 Stabilizing

132 −1.02 Decrease −1.125 Damaging −1.246 Damaging

133 −0.71 Decrease −0.389 Damaging −0.304 Damaging

134 0.65 Enhance 1.207 Stabilizing 1.307 Stabilizing

135 −0.63 Decrease −1.173 Damaging −1.225 Damaging

136 −0.09 Decrease −1.133 Damaging −1.103 Damaging

137 −1.5 Decrease −1.281 Damaging −1.426 Damaging

138 −0.63 Decrease −0.974 Damaging −0.997 Damaging

139 0.16 Enhance −0.175 Damaging 0.345 Stabilizing

140 0.23 Enhance −1.909 Damaging −1.398 Damaging

141 0.08 Enhance −1.432 Damaging −1.007 Damaging

142 −2.23 Decrease −0.758 Damaging −0.987 Damaging

143 −0.2 Decrease −1.02 Damaging −0.766 Damaging

144 0.49 Enhance −1.088 Damaging −0.526 Damaging

145 0.11 Enhance −0.405 Damaging 0.211 Stabilizing

146 0.49 Enhance −1.618 Damaging −1.179 Damaging

147 0.83 Enhance −1.285 Damaging −0.702 Damaging

149 0.11 Enhance −1.069 Damaging −0.916 Damaging

150 −0.65 Decrease −2.752 Highly damaging −2.836 Damaging

151 −1.29 Decrease −1.693 Damaging −2.099 Damaging

152 0.19 Enhance −1.548 Damaging −1.28 Damaging

153 0.25 Enhance −2.782 Highly damaging −2.451 Damaging

154 0.1 Enhance −1.463 Damaging −1.226 Damaging

155 −1.43 Decrease −1.591 Damaging −1.665 Damaging

156 −0.62 Decrease 0.073 Stabilizing 0.073 Stabilizing

157 0.94 Enhance −0.824 Damaging −0.379 Damaging

158 0.74 Enhance −0.654 Damaging −0.285 Damaging

159 −1.13 Decrease −0.654 Damaging −1.941 Damaging

160 −1.09 Decrease −0.594 Damaging −0.426 Damaging

161 −0.87 Decrease −1.035 Damaging −1.078 Damaging

162 −0.13 Decrease −0.78 Damaging −0.518 Damaging

163 −1.04 Decrease −1.811 Damaging −1.633 Damaging

164 −0.48 Decrease −1.084 Damaging −0.889 Damaging

165 0.84 Enhance −0.634 Damaging −0.28 Damaging

166 0.5 Enhance −0.254 Damaging 0.074 Stabilizing

167 0.33 Enhance −0.455 Damaging −0.561 Damaging

168 −3.33 Decrease −1.864 Damaging −2.165 Damaging

(Cont’d...)
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Serial number Computational server

SDM mCSM DUET

ΔΔG Prediction of protein stability ΔΔG Prediction of protein stability ΔΔG Prediction of protein stability

169 −1.16 Decrease −0.462 Damaging −0.005 Damaging

170 −2 Decrease −1.04 Damaging −1.504 Damaging

171 0.54 Enhance −0.842 Damaging −0.13 Damaging

172 −0.72 Decrease −1.493 Damaging −1.341 Damaging

173 0.84 Enhance −1.165 Damaging −0.552 Damaging

174 −2.59 Decrease −2.779 Highly damaging −3.094 Damaging

175 −0.55 Decrease −0.853 Damaging −0.801 Damaging

176 0.37 Enhance −0.144 Damaging 0.025 Stabilizing

177 −0.8 Decrease −1.71 Damaging −1.572 Damaging

178 −1.5 Decrease −1.578 Damaging −1.435 Damaging

179 −2.11 Decrease −1.044 Damaging −1.096 Damaging

180 −0.35 Decrease −0.933 Damaging −0.892 Damaging

181 0.21 Enhance −0.998 Damaging −0.712 Damaging

182 0.1 Enhance −1.409 Damaging −1.197 Damaging

183 −2.05 Decrease −0.47 Damaging −0.695 Damaging

184 −2.67 Decrease −0.991 Damaging −1.342 Damaging

185 0.16 Enhance −0.173 Damaging 0.098 Stabilizing

186 3.38 Enhance −0.426 Damaging 0.61 Stabilizing

187 0.64 Enhance −0.823 Damaging −0.527 Damaging

188 0.35 Enhance −0.51 Damaging −0.027 Damaging

189 0.18 Enhance −0.833 Damaging −0.274 Damaging

190 −1.5 Decrease −1.457 Damaging −1.465 Damaging

191 1.07 Enhance −0.772 Damaging −0.327 Damaging

192 1.64 Enhance −0.581 Damaging 0.173 Stabilizing

193 1.36 Enhance −1.094 Damaging −0.279 Damaging

194 −1.22 Decrease −0.326 Damaging −0.524 Damaging

195 −1.82 Decrease −0.345 Damaging −0.662 Damaging

196 −0.7 Decrease −1.456 Damaging −1.455 Damaging

197 −0.74 Decrease −0.821 Damaging −0.811 Damaging

198 −0.82 Decrease −0.238 Damaging −0.172 Damaging

199 0.64 Enhance −0.865 Damaging −0.547 Damaging

200 −0.67 Decrease −0.378 Damaging −0.295 Damaging

201 −0.35 Decrease −0.688 Damaging −0.568 Damaging

203 0.6 Enhance −0.361 Damaging 0.179 Stabilizing

204 0.54 Enhance 0.267 Damaging 0.276 Stabilizing

205 −0.19 Decrease 0.832 Stabilizing 0.982 Stabilizing

206 0.72 Enhance −0.394 Damaging −0.021 Damaging

208 −0.48 Decrease −0.79 Damaging −0.732 Damaging

209 0.79 Enhance −0.491 Damaging −0.298 Damaging

210 −1.06 Decrease −0.168 Damaging −0.363 Damaging

211 −1.53 Decrease −1.021 Damaging −1.229 Damaging

(Cont’d...)
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Serial number Computational server

SDM mCSM DUET

ΔΔG Prediction of protein stability ΔΔG Prediction of protein stability ΔΔG Prediction of protein stability

212 −0.28 Decrease −0.405 Damaging −0.325 Damaging

213 −2.99 Decrease −2.176 Highly damaging −2.148 Damaging

214 −0.25 Decrease −0.363 Damaging 0.047 Stabilizing

215 −0.86 Decrease −1.782 Damaging −1.638 Damaging

216 −0.3 Decrease −1.239 Damaging −1.197 Damaging

217 −0.84 Decrease 0.386 Stabilizing 0.671 Stabilizing

218 −0.18 Decrease 0.15 Stabilizing 0.529 Stabilizing

219 −0.53 Decrease −0.361 Damaging −0.323 Damaging

220 0.49 Enhance −2.066 Highly damaging −1.769 Damaging

221 −1.53 Decrease −1.463 Damaging −1.42 Damaging

222 0.03 Enhance −1.458 Damaging −0.939 Damaging

223 0.01 Enhance −1.507 Damaging −1.291 Damaging

224 −0.09 Decrease −1.052 Damaging −0.497 Damaging

225 −0.99 Decrease −0.705 Damaging −0.083 Damaging

226 0.13 Enhance −1.026 Damaging −0.7 Damaging

227 −0.43 Decrease −0.757 Damaging −0.397 Damaging

228 1.51 Enhance −0.009 Damaging 0.775 Stabilizing

229 −0.44 Decrease −0.52 Damaging −0.301 Damaging

230 −0.45 Decrease −0.405 Damaging −0.379 Damaging

231 0.04 Enhance −1.163 Damaging −0.919 Damaging

232 −0.61 Decrease −0.787 Damaging −0.67 Damaging

233 0.09 Enhance −0.482 Damaging −0.088 Damaging

234 −0.15 Decrease −0.328 Damaging 0.074 Stabilizing

235 −1.01 Decrease 0.263 Stabilizing 0.474 Stabilizing

236 −2.54 Decrease −0.193 Damaging −0.826 Damaging

237 −1.1 Decrease −1.393 Damaging −1.484 Damaging

238 −0.87 Decrease −0.582 Damaging −0.543 Damaging

239 −0.65 Decrease −0.863 Damaging −0.775 Damaging

240 0.08 Enhance −0.095 Damaging 0.19 Stabilizing

241 −0.46 Decrease −1.561 Damaging −1.499 Damaging

242 −0.3 Decrease −1.574 Damaging −1.512 Damaging

243 −0.35 Decrease −1.331 Damaging −1.096 Damaging

244 0.72 Enhance −0.648 Damaging −0.031 Damaging

245 0.18 Enhance −1.09 Damaging −0.83 Damaging

246 0.49 Enhance −0.546 Damaging −0.449 Damaging

248 0.04 Enhance −0.272 Damaging −0.104 Damaging

249 −2.05 Decrease −0.901 Damaging −0.916 Damaging

251 −1.56 Decrease −0.543 Damaging −0.551 Damaging

252 2.06 Enhance −0.959 Damaging −0.022 Damaging

253 −1.01 Decrease −0.282 Damaging −0.044 Damaging

254 −2.23 Decrease −2.109 Highly damaging −2.322 Damaging

(Cont’d...)
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ΔΔG Prediction of protein stability ΔΔG Prediction of protein stability ΔΔG Prediction of protein stability

255 −2.23 Decrease −1.524 Damaging −1.886 Damaging

256 −2.51 Decrease −1.068 Damaging −1.314 Damaging

257 −1.48 Decrease −1.602 Damaging −1.8 Damaging

258 −1.2 Decrease −1.282 Damaging −1.375 Damaging

259 0.62 Enhance −2.554 Highly damaging −2.103 Damaging

260 −1.37 Decrease −2.77 Highly damaging −2.94 Damaging

261 −2.75 Decrease −0.921 Damaging −1.194 Damaging

262 −0.6 Decrease −1.188 Damaging −1.162 Damaging

263 −1.8 Decrease −2.268 Highly damaging −2.523 Damaging

264 −0.25 Decrease −1.212 Damaging −1.028 Damaging

265 0.08 Enhance −0.499 Damaging −0.179 Damaging

266 −1.1 Decrease −1.912 Damaging −1.991 Damaging

267 −0.77 Decrease −1.415 Damaging −1.386 Damaging

269 0.39 Enhance −0.398 Damaging −0.124 Damaging

270 1.73 Enhance −1.155 Damaging −0.344 Damaging

271 −0.37 Decrease −0.609 Damaging −0.29 Damaging

272 −0.98 Decrease −1.443 Damaging −1.302 Damaging

273 −2.78 Decrease −1.231 Damaging −1.766 Damaging

274 −1.59 Decrease −1.302 Damaging −1.54 Damaging

275 −1.29 Decrease 0.235 Stabilizing 0.407 Stabilizing

276 −0.5 Decrease −0.018 Damaging 0.31 Stabilizing

277 −0.85 Decrease −0.131 Damaging −0.098 Damaging

278 −0.3 Decrease −0.162 Damaging −0.04 Damaging

279 −0.46 Decrease 0.152 Stabilizing 0.096 Stabilizing

280 −0.31 Decrease −0.642 Damaging −0.45 Damaging

281 0.22 Enhance −0.481 Damaging −0.154 Damaging

283 −0.7 Decrease −0.927 Damaging −0.935 Damaging

284 −0.52 Decrease 0.043 Stabilizing 0.025 Stabilizing

285 −0.13 Decrease −1.119 Damaging −0.996 Damaging

286 −0.8 Decrease −0.131 Damaging −0.21 Damaging

287 −1.24 Decrease 0.335 Stabilizing 0.197 Stabilizing

288 −0.45 Decrease −0.863 Damaging −0.798 Damaging

289 −0.5 Decrease −0.369 Damaging −0.14 Damaging

290 −1.19 Decrease −0.442 Damaging −0.65 Damaging

291 0.86 Enhance −1.18 Damaging −0.745 Damaging

292 0.52 Enhance −1.572 Damaging −1.227 Damaging

293 0.58 Enhance −0.397 Damaging −0.006 Damaging

294 −0.5 Decrease −1.064 Damaging −1.231 Damaging

295 −0.44 Decrease −1.581 Damaging −1.556 Damaging

296 −0.71 Decrease −1.476 Damaging −1.407 Damaging

297 0.59 Enhance −1.611 Damaging −1.089 Damaging

298 −1.7 Decrease −2.091 Highly damaging −2.354 Damaging

299 −0.51 Decrease −1.611 Damaging −1.737 Damaging

Abbreviation: ΔΔG: Difference in free energy between the mutant and wild−type proteins.
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used to measure the model’s quality.65 The data revealed 
that 76.7% of the residues in the model were in the favored 
region of the native CXCR1 structure (Figure 2).

3.7. Molecular dynamic simulation of CXCR1

To understand the conformational changes caused by 
the N57D, R135C, and P302S mutations in the CXCR1 
protein, a 100 ns MDS was performed. Various structural 
parameters, such as secondary structure elements (SSEs), 
were used to monitor the protein’s behavior during the 
simulation.

The RMSD value can provide insight into the stability of 
protein structures. In this study, the RMSD was calculated 

for the backbone residues of the native and mutant 
CXCR1 proteins by comparing them with their original 
structures. As displayed in Figure  3A and C, the RMSD 
values for the mutant proteins (N57D, R135C, and P302S) 
were found to be highly unstable compared to those of the 
native protein. While the native protein remained stable 
during simulation, the mutant proteins took a longer time 
to stabilize. The RMSD values for the mutant proteins 
continuously increased from 25 to 45 ns, whereas the 
RMSD values for the native CXCR1 remained stable. These 
findings indicate that these mutations adversely affected 
protein stability and function. The RMSD for the mutant 
CXCR1 was approximately 8 Å (Figure 3C), while that for 
the native CXCR1 was approximately 4.4 Å (Figure 3A).

Next, we calculated the RMSF of the Cα atom to 
investigate the effect of mutated CXCR1 proteins on 
residue dynamics, i.e., protein stability and function. The 
RMSF values of the mutant structures were reportedly 
greater than those of the native structures, particularly for 
residues located between positions 150 and 200 (7.7 RMSF 
Å fluctuation) and between positions 300 and 350 (8 and 
11 RMSF Å fluctuation) (Figure 4A and B).

3.8. Protein secondary structure elements

The SSE algorithm was used to investigate the structural 
flexibility of CXCR1 proteins.60 Figure  5 displays the 
data on SSEs over time, allowing for a comparison of the 
structural changes between the native and mutant CXCR1 
proteins. Both the native and mutant forms of the protein 
exhibited coils, α-helices, turns, bends, and β-sheets during 
the simulation. In contrast, the mutant protein displayed a 
significant rise in residues forming α-helices (Figure 5B), 
while the native protein exhibited a decrease in both loops 
and β-strands forming residues (Figure 5A).

3.9. Effects of mutant CXCR1 on protein secondary/
tertiary structure elements

For homology modeling of normal and mutant CXCR1, 
the I-TASSER modeled structure was evaluated using 
UCSF Chimera calculations.66 We performed homology 
modeling of the normal and mutant CXCR1 structures to 
assess the spatial arrangement of the conserved amino acids 
asparagine (N57), arginine (R135), and proline (P302), 
while the mutant amino acids included aspartic acid (57D), 
cysteine (135C), and serine (302S). This investigation was 
prompted by the observation of the highest sequence 
similarity and conserved sequence of CXCR1. We selected 
the structures of asparagine (N57), arginine (R135), and 
proline (P302), while the aspartic acid (57D), cysteine 
(135C), and serine (302S) mutants were used to generate a 
3D model of CXCR1 using the I-TASSER online tool based 
on high C-scores. Notably, the C-score of the CXCR1 

Table 3. Predicted cancer‑associated CXCR1 mutations 
using the FATHMM server

Serial number Mutation Prediction

44 R135C Cancer

45 R135L Cancer

46 R135H Cancer

95 N57D Cancer

208 P302S Cancer

Figure 1. Residue conservation analysis of the N57D, R135C, and P302S 
residues of CXCR1 using the ConSurf server. (A) respresent that residues 
mutations N57D, (B) represent R135C, and (C) represent that P302S lyes 
in most consered regin of CXCR1 protein structure.

C

B

A
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normal line was -1.20, the template modeling score (TMS) 
was 0.56 ± 0.15, and the RMSD was 6.4 ± 3.9 Å, while the 
C-score of the CXCR1 mutant was -1.10, the TM-score was 
0.54 ± 0.14, and the RMSD was 6.2 ± 3.7 Å.

The mutation of asparagine (N) to aspartic acid (D) in 
a protein induces changes in both secondary and tertiary 

structures. This difference is attributed to the distinct 
side-chain properties of the amino acids, facilitating local 
interactions and potentially altering the hydrogen bonding 
networks. The influence of mutations on electrostatic 
interactions and hydrophobic forces can further contribute 
to modifications in the overall folding and stability of 

Figure 2. Ramachandran plot analysis to assess the quality of both native and mutant CXCR1 protein structures with a focus on the distribution of residues 
in the plot. The plot is displayed in a colored format to enable easier visualization.
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proteins.67 The changes in amino acid distances in the 
structure of the CXCR1 normal N57 and G56 amino 
acids was 5.9 Å, that of N57 and S58 was 10.4 Å, that of 
the D57 and G56 amino acids was 6.8 Å, and that of D57 
with S58 was 9.7 Å (Figure  6A). The asparagine (N) at 
position 57 was likely involved in hydrogen bonding due 
to its polar nature. Substituting asparagine with aspartic 
acid (D) would introduce a negative charge. This change 
could disrupt hydrogen bonding interactions in the region, 
potentially affecting the local structure.

A point mutation of arginine (R) with cysteine (C) in 
a protein has notable effects on the secondary and tertiary 
structures. The differing side chain properties, including 
charge and length, disrupt local interactions, affecting 
the stability of secondary structures such as α-helices and 
β-sheets. In addition, this substitution can influence the 
overall 3D folding of the protein, altering its electrostatic 
interactions and potentially impacting its functional 
conformation.68 In our study, the length of the normal 
CXCR1 R135 with D134 was 6.5 Å, the length of the R135 
with the amino acid Y136 was 11.8 Å, the length of the 
C135 with D134 was 7.6 Å, and the length of the C135 with 
Y136 was 11 Å (Figure 6B). Arginine (R) at position 135 
is a positively charged amino acid that may be involved 
in electrostatic interactions. Substituting arginine with 
cysteine (C) eliminates the positive charge and disrupts 
the protein’s electrostatic interactions. In addition, cysteine 

Figure  4. Analysis of the native CXCR1 protein structure following a 
molecular dynamic simulation. In terms of the root-mean-square fluctuation 
(RMSF) of the backbone alpha carbon (Cα) atoms over the simulation 
period. The y-axis of the plot represents the RMSF values, and the x-axis of 
the plot corresponds to each atom in the protein structure. (A) Represents 
lower RMSF values (4 Å fluctuation) notably for residues between positions 
150 and 200, with values at positions 300 and 350 measuring 3.8 Å. 
(B) Shows higher RMSF values for mutant structures compared to native 
structures, with residues between positions 150 and 200 fluctuating at 7.7 Å 
and between positions 300 and 350 fluctuating at 8 and 11 Å, respectively.

Figure 3. Molecular dynamic simulations of the native and mutant CXCR1 proteins over 100 ns and the backbone root-mean-square deviation (RMSD) 
of the two structures. (A) shows native protein remained stable during simulation with RMSD value of 4.4 Å. (B) represent normal 3D structure of 
CXCR1 with no effect on structure stability. (C) The RMSD values for mutant proteins N57D, R135C, and P302S, at 8 Å, indicate significant instability. 
(D) structure of CXCR1, post-point mutation, shows notable alterations, affecting protein stability and function.
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can form disulfide bonds that can potentially alter the 
overall protein structure.

Substitution of proline (P) with serine (S) in a protein 
induces notable effects on both secondary and tertiary 
structures. When the cyclic, rigid side chain of proline is 
replaced with the flexible, hydroxyl-containing side chain 
of serine, the substitution disrupts the local conformations 
and regular secondary structures such as α-helices. At the 
tertiary level, the unique structural constraints imposed by 
proline are altered, influencing the overall 3D folding pattern 
of the protein.69 In this study, the amino acid distances of the 
normal CXCR1 P302 amino acid with amino acids N301 
and I303 were 6.7Å and 6.9Å, respectively (Figure  6C). 
In contrast, the amino acid distances of mutant CXCR1 
S302 with N301 and I303 were 7.2Å and 8.9Å, respectively 
(Figure 6C). Nonetheless, structural variations were observed 
in terms of distance measurements and C-scores (Figure 6). 
These findings provided critical insights into the structural 
disparities and corresponding functional implications of 
CXCR1 among proteins and critical mutations.

4. Discussion
CXCR1 interacts with CXCL8 through its N-terminal 
β-strand.17 The tertiary structures of the CXCL8 dimers 

were simulated in the present study. The CXCL8-CXCR1/2 
signaling axis is implicated in the pathophysiology 
of various disorders, including chronic obstructive 
pulmonary disease (COPD), asthma, cystic fibrosis, 
and cancer. The interaction of CXCL8, which is released 
by some cancer cells, with CXCR1/2 in the tumor 
microenvironment is crucial in carcinogenesis and cancer 
metastasis.6 Recent advancements in computational 
biology enabled the visualization of the disease status 
and genotype–phenotype association.70 The integration of 
various bioinformatics approaches can identify potential 
missense mutations in genes that may have functional 
implications. This comprehensive methodology enables 
the exploration and detection of genetic variations that 
could impact the function and behavior of specific genes, 
thereby contributing to our understanding of their role in 
biological processes and disease development.71 This study 
employed several bioinformatics methods to identify 
mutations in the CXCR1 gene that may be harmful and 
contribute to carcinogenesis. Through various analyses, we 
aimed to understand how these mutations could impact 
protein stability and function.

In the present study, by computational tools, 53 of the 
299 mutations extracted from the public database were 
predicted to be deleterious (Table 1). Five mutations were 

Figure 5. Time-dependent changes in the secondary structural element classification for both the native and mutant protein structures a 100-ns period. 
(A) Demonstrated a decrease in the residues forming both loops and β-strands. (B) Indicates a significant increase in residues forming α-helices.
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identified by FATHMM analysis as carcinogenic mutations 
(Table 3). We selected N57D, R135C, and P302S among the 
five mutations and conducted a conservation analysis that 
revealed the high conservation of the N57, R135, and P302 
positions, with a conservation score of 9 (Figure  1A-C). 
A previous study revealed that the double mutants R199H/
D265H and R203H/D265H, as well as the triple mutant 
R199H/R203H/D265H in CXCR1, failed to trigger an 
IL-8-dependent calcium response.72 Interestingly, this 
mutation appears in the DRY motif and mostly resides in 
the TM region of CXCR1 for interaction with its ligands; 
it is also found at the IC end of TM3 in CXCR1, and it 
is also a highly conserved motif. The arginine residue 
(R) is conserved in 96% of receptors in this class.73 The 

highly conserved DRY motif in CXCR1, particularly the 
conserved arginine residue (R), the TMs, TM1, TM3, 
and TM7, present promising opportunities for in-depth 
research to fully comprehend the influence of this motif on 
the structure, stability, and functionality of the protein.74 
Further investigations could shed light on how this motif 
contributes to the overall function of CXCR1.

Identifying the specific locus of the mutated amino acid 
can provide insight into how the mutation may alter the 
protein’s overall structure and function. Numerous studies 
have examined how the location of mutations within a 
protein structure can affect its function. The relationships 
between mutation location and effects on protein 
structure, stability, and function have been investigated in 

Figure 6. The structural impact of mutations on CXCR1, focusing on the conserved amino acids (N57, R135, and P302). (A) The asparagine (N) to aspartic 
acid (D) mutation at position 57 induced changes in amino acid distances, with N57–G56 at 5.9 Å and N57–S58 at 10.4 Å in the normal protein and D57–
G56 at 6.8 Å and D57–S58 at 9.7 Å in the mutant protein. (B) The R-to-C mutation at position 135 exhibited alterations in bond distances, with R135–D134 
at 6.5 Å and R135–Y136 at 11.8 Å in the normal protein and C135–D134 at 7.6 Å and C135–Y136 at 11 Å in the mutant protein. (C) The proline (P) to 
serine (S) mutation at position 302 exhibited variations in amino acid distances, with P302–N301 at 6.7 Å and P302–I303 at 6.9 Å in the normal protein 
and S302–N301 at 7.2 Å and S302–I303 at 8.9 Å in the mutant protein.
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these studies to gain insights into disease development and 
progression.23,75 Using I-TASSER, we modeled the native 
and mutant CXCR1 protein structures (Figure 3B and D) 
for MDS analysis to explore the structural consequences 
of the mutation on the protein structure. This approach 
allowed us to investigate the effect of the mutation on the 
overall structure of the protein. The RMSD data obtained 
from the simulations indicated that the mutant CXCR1 
protein displayed a distinct and noticeable pattern of 
deviation throughout the entire simulation duration 
compared to the behavior observed for the native protein 
(Figure 3A and C). This finding suggested that the mutation 
significantly destabilized the CXCR1 protein, leading 
to structural alterations that are different from those 
observed in the native protein. The RMSF data provided 
additional evidence to corroborate the hypothesis that 
the mutation disrupts the stability of the protein structure 
(Figure  4A  and  B). The data revealed that the level of 
variation at the residue level was significantly greater in the 
mutant protein than in the wild-type protein, indicating that 
the mutation significantly altered the protein conformation 
and increased its flexibility. The SSE analysis indicated that 
the mutant protein exhibited a distinct alteration in the 
protein conformation, transitioning from an α-helix to 
a coil form, unlike the native protein (Figure 5A and B). 
This finding suggested that the mutation-induced changes 
in the protein’s secondary structure, leading to a shift in 
its overall conformation. The observed conformational 
changes in our analysis offer compelling evidence that 
the substitution of amino acids in the mutant protein 
resulted in substantial alterations to its overall structure. 
These alterations resulted in mutant proteins that are less 
stable, more flexible, and less tightly packed than the native 
protein. Taken together, our results strongly indicated that 
the mutation had a significant and profound influence on 
both the structure and stability of the protein.

Previous studies have demonstrated the complementary 
nature of in silico approaches and wet laboratory experiments 
in understanding biological phenomena. The integration 
of computational methods with experimental techniques 
has proven to be a powerful tool for predicting and 
validating hypotheses in a range of biological systems.70,76 
The combination of computational mutation predictions 
with MDS analysis has been instrumental in identifying 
disease-causing mutations.77 This approach has enabled 
the identification of the most deleterious mutations from 
a large pool of mutations, providing valuable insights into 
the molecular basis of various diseases.78 Computational 
methods play a vital role in establishing the groundwork 
for genetic research aimed at comprehending the molecular 
foundations of diseases.79 These methods facilitate the 
detection of mutations that contribute to diseases and 

assist in the exploration of potential therapeutic strategies. 
Moreover, such computational methods can assist in the 
clinical assessment of genetic variants,70,76 enabling more 
informed and effective treatment decisions.

5. Conclusion
In silico investigations of the TM domains of CXCR1 
(TM1, TM3, and TM7) revealed N57D, R135C, and P302S 
point mutations as potential carcinogenic variants. In 
addition, MDS analysis indicated that these mutations 
lead to changes in the structural stability of the protein, 
including increased flexibility and reduced compactness. 
The structural instability of the mutant protein could 
lead to an inability to interact with the CXCL8 ligand and 
other associated proteins, which may have implications 
for cancer development. The molecular understanding 
attained through this study could serve as a foundation 
for in vitro and in vivo experiments investigating the effect 
of N57D, R135C, and P302S mutations on the interaction 
of CXCR1 with its ligand and its association with disease 
development.
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