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ABSTRACT: Cholangiocarcinoma (CCA) involves various epithelial tumors
historically linked with poor prognosis because of its aggressive sickness
course, delayed diagnosis, and limited efficacy of typical chemotherapy in its
advanced stages. In-depth molecular profiling has exposed a varied scenery of
genomic alterations as CCA’s oncogenic drivers. Previous studies have mainly
focused on commonly occurring TP53 and KRAS alterations, but there is
limited research conducted to explore other vital genes involved in CCA. We
retrieved data from The Cancer Genome Atlas (TCGA) to hunt for additional
CCA targets and plotted a mutational landscape, identifying key genes and
their frequently expressed variants. Next, we performed a survival analysis for
all of the top genes to shortlist the ones with better significance. Among those
genes, we observed that MUC5B has the most significant p-value of 0.0061.
Finally, we chose two missense mutations at different positions in the vicinity
of MUC5B N and C terminal domains. These mutations were further subjected to molecular dynamics (MD) simulation, which
revealed noticeable impacts on the protein structure. Our study not only reveals one of the highly mutated genes with enhanced
significance in CCA but also gives insights into the influence of its variants. We believe these findings are a good asset for
understanding CCA from genomics and structural biology perspectives.

1. INTRODUCTION
Cholangiocarcinoma (CCA) is an assorted category of hostile
malignancies that may ascend from various sites inside the
biliary tree. We classify CCA into intrahepatic (iCCA),
perihilar (pCCA), and distal CCA (dCCA) based on their
origin, and they vary in etiology, risk factors, prediction, and
medical supervision. This group does not include gallbladder
cancer and tumors that emerge in the ampulla of Vater.
Considering together, the ratio of iCCA and pCCA exceeds
90% of the global CCA cases.1−4 These tumors have a
shocking mortality rate of around 2% of all cancer-associated
fatalities globally.2 This is due to their quiet appearance,
extremely aggressive nature, and resistance to treatment.
Histological confirmation is required since the present
noninvasive methods of diagnosing CCA are insufficient.
Furthermore, the effectiveness of currently accessible ther-
apeutic strategies is seriously jeopardized by the heteroge-
neousness of CCAs both genomically and at the molecular
levels. Early-stage CCAs are generally asymptomatic, which
makes it challenging to identify the disease until it is well along.
This severely limits the possibilities for treatment and leaves
patients with a grim prognosis.5−7 Despite being a rare cancer,
CCA has been observed to have an increased incidence (0.3−6
per 100,000 people yearly)1 and mortality rate (1−6 per
100,000 people annually worldwide,8 excluding several regions
with occurrence >6 per 100,000 habitats like Thailand, China,
and South Korea) over the previous decades, signaling a

universal health issue. Despite bringing improvements to cause
awareness, CCA’s understanding, diagnosis, and therapy have
not improved satisfactorily in the last ten years. We still face a
5 year survival (7−20%) as well as dismal tumor recurrence
rates following resection.9−15 To enhance patient welfare and
results, thorough research on these tumors is urgently required.
Given the high variability in CCAs, personalized profiling at
the molecular, epigenetic, and genomic levels is a crucial
strategy for determining the pathophysiology, opening doors
for novel therapeutic methods and precision medicine.2

Mucins are glycoproteins with high molecular weight
distinguished by carbohydrate sugars linked to serine and
threonine via the O-glycosidic bond. They combine to create a
heterogeneous collection of polydisperse, highly glycosylated
macromolecules with large molecular masses. Mucins comprise
most of the mucus,16,17 and it is widely known for giving mucin
gel its unique characteristics. We may now reach these
macromolecules’ peptide moiety via immunohistochemistry or
in situ hybridization owing to recent developments in cloning
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human mucin genes. To date, clones corresponding to eight
apomucins (MUC1−MUC7 and MUC5B) have been
recognized,18−24 and tissue- and cell-specific countenance of
these mucin genes is springing, signifying a distinct role of each
gene.25,26 Besides, MUC5B is mutated in other cancers, such as
colorectal and renal cancer.27,28 The presence of MUC5B
mutation potentially acts as a predictive marker in lung cancer
patients.29 These mutations are also involved in cell adhesion
and can be used for predicting the aggressiveness in papillary
thyroid microcarcinomas (PTMCs).30 Patients with MUC5B
get a higher burden of tumor mutations (TMB). According to
an examination of the immunological signature, MUC5B
mutation is connected to increased genes that control cytolytic
immune activity, activated T-cell production, and IFN- release.
A potentially unique and practical method for predicting the
prognosis of patients with endometrial cancer is the
identification of MUC5B mutation through genomic profil-
ing.31 Based on the expression of this gene in cancers and the
importance of missense mutations, we obtained The Cancer
Genome Atlas (TCGA)32−36 data showing MUC5B as a
frequently mutated gene in CCA, which is considered further
for its mutational studies using molecular dynamic simu-
lations37,38 to understand the impact of point substitutions on
the protein conformation. Our computational structural
biology approach provides a detailed analysis of CCA key
mutations, and the results obtained could help further
understand the role of MUC5B in cancers and the disease in
general.

2. MATERIALS AND METHODS
2.1. Data Curation. We retrieved CCA data from the

TCGA (https://www.cancer.gov/aboutnci/organization/ccg/
research/structural-genomics/tcga), considering the available
CCA studies until March 2022. It contained TCGA barcodes,
diagnosis, and mutational details.
2.2. Mutational Landscape and Differential Gene

Expression. To explore the nature of variants, single
nucleotide variants (SNVs), variant classification, and
frequently mutated genes in CCA, we used maftools39 in
RStudio.40 We analyzed the differential gene expression for
each series, where the adjusted p-value and |logFC| were
maintained as <0.01 and >1, respectively. We also examined
the biological process (BP), cellular component (CC), and
molecular function (MF) during the process of functional
enrichment.
2.3. Kaplan−Meier Survival Analysis. To evaluate the

prognostic value of shortlisted genes in CCA, we used the
“survival” package in RStudio to plot the mRNA expression
levels’ survival plots. All of the top ten genes were considered
for survival analysis to shortlist the one with the most
significant p-value. The hazard ratio and confidence intervals
were calculated, and no threshold was set for the p-value to
observe the difference between the survival probability of two
genes.
2.4. Variant Selection across the Target Protein. The

maftools package also helps plot variants’ class and their
position. We observed lollipop plots for the selected gene
(protein) with greater significance and mapped mutations on
its protein for further study. Several mutations could be seen at
different positions; however, changes in the hotspot regions are
more likely to affect the function comparatively. Therefore, we
selected only two missense mutations (Y919D and D5551Y)
that were harbored inside specific domains.

2.5. Mutational Impacts on Structural Stability.
2.5.1. Target Structure. There is no crystal structure available
for Human MUC5B, and the protein length is >5000 amino
acids, which makes it computationally intensive to simulate
and may not reflect the true impact of a single-point mutation.
Therefore, we used an online service known as Robetta41 to
predict the structure of our domains of interest only. Next, we
validated the predicted conformations through the Ramachan-
dran plot analysis.42 Besides, the Chimera software suite allows
structure visualization, creation, optimization, and drug
development. Therefore, we used it for structure preparation
and creating mutant (MT) conformations. Mutants are
generated by replacing the native amino acid with a residue
of interest and then minimizing the structure that stabilizes and
fixes the mutated residue.
2.5.2. MD Simulation. We subjected the selected MUC5B

mutations to MD simulation to examine their effects on atoms’
topography and the general domain structure. We used
Chimera for the initial structure preparation of proteins, such
as energy minimization of the MT structures, to reduce the
chances of atomic clashes and unwanted errors. We conducted
MD simulations using the GROMACS force field (GRO-
MOS96 43a1).43 By including explicit flexible SPC molecules
of water implanted in a cubic box with edges located ≥10 Å
from all of the protein atoms, four apo simulations for native
and mutant proteins were performed. The box angles on either
side were kept at 90°, and the box dimensions and vectors
were maintained at 4.256 × 4.061 × 4.142 and 6.7 × 6.7 × 6.7
nm3, respectively. Next, we introduced counterions of Na+ that
balanced the system’s net charge to create a neutral system.
The solvated structures were reduced for 50,000 steps using
the steepest descent minimization. This stops when the total
peak force is <1000 kJ/mol/nm. A constant 300 K temper-
ature, regular 1 bar of pressure, and an even 2 fs of time step
were kept to reach an equilibrium state. Under the position
restraint circumstances for the heavyweight atoms, the LINCS
(LINear Constraint SolVer)44 constraints and nonbonded pair
list were modified every ten steps. Using a particle mesh Ewald
technique, electrostatic interactions were estimated.45 The
temperature within the box was kept constant using the v-
rescale (modified Berendsen thermostat) temperature coupling
method.46 The final step was to run four apo simulations
(MUC5B Y919D, D5551Y, and their native structures) lasting
100 ns.
2.5.3. Postsimulation Study. The physical characteristics as

a time function, for instance, the root-mean-square deviation
(RMSD), root-mean-square fluctuation (RMSF), radius of
gyration (Rg), principal component analysis (PCA), and free
energy landscape (FEL), were calculated to track atomic drifts
and deviations in the MUC5B MT structures, concluding the
differences between MT and wild-type (WT). The protein
chain’s local changes are observed using RMSF. The Rg plotted
against time provides a measure of the folding compactness.
Throughout the simulation, PCA successfully caught the large-
amplitude oscillations in the protein structure. First, using the
given GROMACS tool, the covariance matrix was calculated in
view of backbone carbon atoms. Next, the predetermined
covariance was diagonalized to score the eigenvectors and
eigenvalues.

3. RESULTS
3.1. Mutational Landscape Analysis. The mutational

landscape for CCA has been visualized, containing variant type,
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classification, SNVs, and frequently mutated genes (Figure 1).
Most of the variant types in CCA are single nucleotide
polymorphisms (SNPs), followed by deletions, and the lowest
ratio is of insertions. The classification chart shows that
missense mutations are reported in most cases, and their ratio
is much higher than any other form of variant. The C > T and
C > A variations are highly reported and bear great importance
to be considered, as can be seen in the SNV class graph.
Besides the MUC16, PBRM1, AR1D1, and BAP1, the MUC5B
is frequently mutated though its ratio is lower than the
aforementioned genes. We also plotted the mutation type in
each cancer to get a clearer idea of CCA mutations. This plot
confirms that most of the mutations reported are missense,
nonsense, and frameshift deletions. The variant types are
mostly SNPs, and the C > T conversion ratio is far higher than
any other mutation, as observed in the SNV class panel.
Additionally, the top ten mutated genes are plotted in
ascending order, among which we can see that PBRM1 is
the highest and DNAH5 is the least frequently mutated gene.
However, all of these top ten genes are considered for further
evaluation to shortlist a gene with higher significance.

The differential expression analysis revealed that among 40,
most genes are underexpressed, which may be caused by
mutational impacts (Figure S1). There is no MUC5B listed in
these genes, which signifies that mutations in this gene did not
significantly impact its gene expression. However, exploring the
protein would be more helpful in understanding the
consequences. The biological process (BP), cellular compo-
nents (CCs), molecular function (MF), and general pathways
considered during the functional enrichment are given in
Figure S2.
3.2. Target Gene Selection. We plotted the survival

analysis for all of the top ten mutated genes to shortlist the
ones with the most significant p-values. Of all of the genes, we
observed that MUC5B has a p-value of 0.0061, which is far
more significant than the rest of the shortlisted genes (Figure
2). Survival plots for the remaining nine genes have been
provided in the Supporting Material (Figure S3).
3.3. Selection of Target Variants. Since MUC5B has the

most significant p-value and is considered for further
evaluation, we examined the lollipop plot for selecting
important mutations in this gene’s protein. It can be seen
that Y919D and D5551Y are the two missense mutations

Figure 1. Mutational landscape. The variant type and classification, SNV class, and top ten frequently mutated genes in cholangiocarcinoma are
visually presented. Each color corresponds to a specific variant type or class.

Figure 2. Survival analysis of the human MUC5B gene with the most significant p-value. This gene frequently mutates in cholangiocarcinoma
patients and is observed to harbor only missense and frameshift insertions.
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inside the specific domains, while the rest of the variants are off

those regions (Figure 3). We selected only these two missense

mutations because domains (particularly hotspot regions) are

vital for a protein’s function, and any variations in these regions

could directly affect the function. The lollipop plots for the
remaining genes are given in Figure S4.
3.4. Structure Prediction and Target Domains. Since

the human MUC5B protein has more than 5000 amino acids,
we only considered the domains where the mutations exist.

Figure 3. Mapping mutations on the MUC5B protein. Structures of the targeted regions are given concerning their mutation position. These given
structures are wild-type proteins and are rendered before the MD simulation.

Figure 4. RMSD and RMSF. (a, b) RMSD of the WT and MT of both targeted domains. (c, d) RMSF of both domains of the MUC5B protein.
Deviations can be observed in all cases.
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Therefore, we selected two domains with lengths of 72 and 67
amino acids in the vicinity of the N and C terminal domains,
respectively. Structures for these domains are provided in
Figure 3. The selected parts range correspondingly from 855 to
927 and from 5521 to 5587 amino acids.
3.5. Trajectory Analysis. 3.5.1. Backbone RMSD

Calculation. We obtained MD simulation trajectories of the
targeted MUC5B WT and MT domains after a period of 100
ns. The backbone RMSD of each WT and MT was computed
using the GROMACS default function g_rms.47 The
mutations in targeted structures, let us call them the N and
C domains, showed slight deviations relative to their WT
protein (Figure 4). The WT protein shows minor fluctuations
in the initial 25 ns and then stabilizes until the last frame of the
simulation, maintaining an RMSD value of 1.3 nm. On the
other hand, the mutant Y919D fluctuates until 65 ns and then
stabilizes until the last frame as the WT (Figure 4a). Here, we
can make two conclusions. First, the WT’s RMSD is much
higher than the typical RMSD values of 0.4/5 nm; this is
because our simulated structure is not a complete protein in its
compact form but only a piece of the protein that is naturally
expected to behave unstably. Another reason for this higher
RMSD is its loop structure, which logically produces higher
fluctuations in the system. Compared to the WT protein, we
maintain that Y919D impacts the protein’s structure. We can
confirm that it fluctuated significantly in more than 60% of the
simulation. Even if it stabilizes at the end, but remains slightly
higher than the WT though this change could be considered
negligible in some cases, the fact is that Y919D affected the
structural stability noticeably.
Similarly, the RMSD analysis of the C domain remains

relatively stable throughout the simulation, excluding the first
10−13 ns. Minor fluctuations can be observed at 50 ns and
around 80 ns, but the overall system stays calm, maintaining a
backbone RMSD value of 0.8 nm, much lower than the N
domain. However, the MT C domain (D5551Y) shows
apparent differences in the RMSDs (Figure 4b). It starts
from 0.2 nm and gradually elevates, reaching 0.8 nm until 50
ns, from where it stays close to the WT, exhibiting minor and
major fluctuations until 90 ns, from where it appears to deviate
again until the last frame.
3.5.2. Structural Flexibility Evaluation. To investigate

changes in the dynamics of residues brought on by the
Y919D and D5551Y mutations, MUC5B N and C domains’

backbone RMSF values were estimated. Figure 4 shows the
change in amino acid variations compared to the WT,
revealing notable changes. Until the simulation’s last frame,
both MTs show higher RMSF scores compared to the WT,
coupled with noticeable fluctuations, particularly close to the
altered residues. Deviations from the WT protein by Y919D
and D5551Y variants are prominent compared to those
observed in RMSD values. This means that the overall system
did not experience high impacts, but residual fluctuations
revealed the alterations caused by these N and C domain
variants. In the case of the N domain (Figure 4c), the WT
RMSF stays up to 0.6 nm but falls to 0.3 nm and takes long
leaps until the end of the simulation. However, compared with
the MT N domain (Y919D), the RMSF keeps fluctuating until
the first 24 residues and then goes higher than the WT,
reaching up to 0.5 nm, and then keeps changing, taking a sharp
leap between residue 56 and residue 58. Overall, both the wild
and MT have a competing RMSF value; the MT is still
observed to deviate quite prominently. In the case of the C
domain (Figure 4d), the RMSF values stay lower, with a
maximum peak of 0.3 nm in the case of WT and 0.6 in the case
of MT. There is noted a clear difference between the two
proteins, reflecting the impression of D5551Y on the C
domain’s conformation.
3.5.3. Analyzing the Structural Compactness (Rg). Over

the duration of a 100 ns simulation, studying the Rg plots for
the MUC5B protein, MTs revealed several noteworthy
discrepancies (Figure 6). Contrary to its MT, the N domain
WT shows a high Rg value of 2.0 nm in the first 30 ns with
significant variations before dropping abruptly to 1.1 nm and
remaining unchanged until the simulation’s end. The MT
starts from 1.9 nm and fluctuates down to 1.3 nm in the first 10
ns. Here, it jumps up, reaching up to more than 1.6 nm, and
then lowers to 1.3 nm at 20 ns. It then keeps fluctuating until
60 ns, from where it reduces more and almost becomes equal
to the WT. We can see a major deviation in the structural
compactness in more than 60% of the simulation in the case of
the Y919D variant (Figure 5a). Contrary to the N domain
variant (Figure 5b), clear differences can be seen in the case of
the C domain variant (D5551Y), which stays higher than the
WT protein throughout the simulation and exhibits major
fluctuations, especially in the first 50 ns, unlike its native
structure, which remains quite steady until the last moment of
simulation with no major fluctuations. Based on these

Figure 5. Radius of gyration for (a) N and (b) C domains revealed significant fluctuations compared to their native protein structure.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.2c04871
ACS Omega 2023, 8, 3726−3735

3730

https://pubs.acs.org/doi/10.1021/acsomega.2c04871?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c04871?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c04871?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c04871?fig=fig5&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c04871?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


deviations, we conclude that these variants influence conforma-
tional firmness meaningfully, causing protein dispersion.
3.5.4. Principal Motions of the MUC5B N and C Domains.

The essential dynamics (ED) depiction (Figure 6a) could be
used to explain how the MT and WT trajectories vary. The size
of the eigenvalues represents the degree of MT variations that
may be caused by changes in conformation. The other
eigenvectors represent more concentrated fluctuations in a
single structure, but the top three eigenvectors represent
maximal oscillation. The WT has a very low variance during
the whole motion compared to the N and C domain variations.

To comprehend the overall frame-to-frame shifts and
compactness, we also showed the 2D projections of the
eigenvectors. The three-dimensional (3D) structures of the
MUC5B MTs were altered, with each system exhibiting
substantial modifications with various amplitudes brought
about by a specific mutation that PCA discovered. Compared
to the WT, all mutant structures showed deviating motion.
The projections have been established for the principal
components (PCs) of WT and MTs. The N domain is
observed to have a uniform frame transition but suddenly
scatters around the mutated regions, unlike its WT protein,
which shows more compactness and solidity. The WT N

Figure 6. PCA analysis. (a) Essential dynamics of the N domain WT and MT. Two-dimensional (2D) projections of the N domain WT (b) and
MT (c). Essential dynamics of the C domain. Two-dimensional projections of the N domain WT (e) and MT (f).

Figure 7. Gibbs free energy calculation of MUC5B. The FELs of MUC5B N domain WT (a) and MT (b) plus C domain WT (c) and MT (d)
systems were determined using PC1 and PC2, the first two major components. To compute FEL, an entire trajectory with 5000 snaps was used.
The overall energy is limited to 20.1 kJ/mol.
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domain and its MT (Y919D) are given in Figure 6b and 6c,
respectively. Consistent with our previous analysis, ED
revealed significant differences in the case of D5551Y (Figure
6d−f). The C domain WT is much more compact, while the
MT is scattered with unclear transitioning among the frames. It
is noticeable that both variants extended longer than the WT
on eigenvector 2, ranging from 7 nm up to almost 10 nm.
3.5.5. Gibbs Free Energy Landscape. The relationship

between a protein’s conformation and function could be
investigated using FEL, which measures the work completed in
a confined system as a consequence of heat shared with the
environment. When calculating stability, alteration in the FEL
values is crucial. The conformational shifts of the mutant
proteins are investigated by computing the Gibbs energies for
the initial two principal components (PC1 and PC2), as
presented in Figure 7.
Since the lowest GFE score indicates a highly stable

conformation, all of the native structures primarily achieve
low energy values. Compared to the WT, MTs demonstrated a
considerable variation in energy levels. The energy values for
the original N domain structure varied from 0 to 17.4 kJ/mol.
However, MT (Y919D) reached an energy value of 20.1,
greater than the D5551Y’s energy range of 0−16.2. In the case
of the WT, it is possible to view the red spots that indicate the
locations with the minimum energy. The rest of the MTs,
however, appear to have a variety of energy minima states.
According to the overall analysis, the WT seems to have more
stable clusters compared to the N and C sectors’ alteration,
which are highly reported in CCA.

4. DISCUSSION
Structural stability is crucial for proteins to play their native
roles in a complicated cellular environment. Variations in
nucleotide strands are known as mutations, which can result in
permanent illnesses or extreme physiological states by
changing the native function of a protein or stopping the
translation of a protein (mutating into a stop codon). Several
studies have highlighted the role of MUC5B mutations in
developing complex conditions like idiopathic pulmonary
fibrosis (IPF) and rheumatoid arthritis (RA).48 However, it
is a frequently mutated gene as per the TCGA and
International Cancer Genome Consortium (ICGC) data
sets;49 therefore, we explored its association with other
cancers. One of the recent studies claims that significantly
increased expression of MUCINs, including MUC5B, is
identified in clear cell renal cell carcinoma (CCRCC) patients
having worse survival.28 Another study investigates the
association between the countenance level of mucin gene
clusters (MUC2, MUC5A, and MUC5B) and colorectal cancer
(CRC), claiming the expression of these mucin gene clusters to
be lower in CRC patients.27 Additionally, it is observed that
MUC5B is solely linked to tumor grades, being pretty
advanced in poorly distinguished tumors.27 One more study
on papillary thyroid microcarcinomas found nonsynonymous
mutations in different genes, including MUC5B, playing a role
in cell adhesion and existing in the aggressive category only.30

Based on these roles of the MUC5B gene and our interest in
cancer studies, we considered the TCGA data for mutational
landscape analysis, revealing this gene to be one of the top ten
genes in our cancer of interest (CCA). Every mutation type
could somehow affect the normal molecular dogma in some
way or the other. However, the role of missense mutations is
quite obvious, and it directly results in the altered protein

structure and, thus, the function. We can see that the ratio of
missense mutations is quite higher compared to the other
forms of variants and has a higher ratio of SNPs compared to
the other variant types. Among other genes, we observed that
MUC5B has the most significant p-value, which is why we
selected this gene for further exploration. Other genes did not
even get close to the p-value of MUC5B. The rest of the genes
have p-values of 0.0984 (IDH1), 0.109 (LRP1B), 0.213
(BAP1), 0.249 (EPHA2), 0.372 (DNAH5), 0.418 (MUC16),
0.518 (ARID1A), 0.584 (CHD7), and 0.719 (PBRM1)
(Figure S3). Upon plotting the mutational position on the
targeted protein, we observed only two types of mutations,
missense mutations and frameshift insertions, consistent with
the mutational landscape (Figure 1).
We can see that except for Y919D and D5551Y, all other

mutations are off the defined domains. Since a gene has
particular domains essential for the function, we targeted only
the mutations inside these regions to understand their impact.
One of the major issues is that this protein has 5762 amino
acids in total. It is challenging to simulate as a whole because it
is computationally intensive and time-consuming, especially
with limited computational resources. Also, the MUC5B
protein’s crystal structure has not been reported yet, and
perhaps it is nearly impossible to homology model such a
complicated and big structure. We first cut the protein into
segments of interest and then incorporated the shortlisted
mutations (Y919D and D5551Y) to understand their
dynamics.
We compared WT and MT RMSDs of both domains and

observed noticeable differences. However, we maintain that
Y919D did not seem highly deleterious compared to D5551Y
because although it fluctuates significantly at the start, it
remains pretty stable similar to the WT. One thing unusual
with our outcomes, especially in the RMSD estimation, is the
higher peaks, almost double the value of commonly observed
mutational impacts and MD simulation studies. According to
our understanding, this is because the protein is not simulated
as a whole. When a protein is in its compact form, it is highly
stable compared to only a part of the protein with a long loop
structure. We also predicted both domain structures using
AlphaFold50 for comparative analysis and additional validation
of our findings. In our case, we observed differences between
the structures predicted through Robetta and AlphaFold, e.g.,
an RMSD difference of 2.98 and 4.76 Å (Figure S5). The
AlphaFold indicated that the N domain’s structure quality is
quite presentable, while the C domain has a poorly predicted
structure.
Further, we conducted MD simulations to compare our

results with the AlphaFold predicted structure, observing that
the Robetta predicted structures were much more stable
comparatively with some exceptions. Trajectory analysis
(Figure S6) showed similar trends in RMSD and Rg; although
there exists a difference in values, it validates our initial
findings. In addition, several analyses have been conducted to
assess the impact of these alterations from various perspectives.
All of the results are relatively consistent and corroborate one
another, including Rg, PCA, and FEL analyses. Interestingly,
although the Y919D’s RMSD value shows stability at the end,
if observing the final frame of the WT and MT proteins
(Figure S7), we can observe a much clear deviation of MT
from the WT, to the level that they even do not look alike
although both of these structures are obtained after a 100 ns
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simulation and precisely superimposed. This reveals how a
single-point mutation can alter the overall protein structure.
Although our study brings a comprehensive investigation of

MUC5B mutational analysis and provides a wider sight of the
structural changes, there are still a few issues with this study
that will be fixed in our follow-up work. For instance, one
should consider these mutations for mechanistic analysis once
the crystal structure of MUC5B is resolved. Additionally, the
mutational impact of these proteins should be studied on the
entire conformation by conducting long-term simulations. It is
also recommended to carry out pan-cancer analysis and explore
the mutational expression of the MUC5B gene in other cancers
and whether these two mutations also express in related
cancers.

5. CONCLUSIONS
Based on the obtained results, we maintain that MUC5B is a
frequently mutated gene in cholangiocarcinoma. Its mutations
in the N and C domains’ vicinity significantly alter the protein
conformation. Compared to Y919D, the D5551Y is more
deleterious and affects the system’s stability. Further studies are
required to explore these mutations in other cancers and
consider MUC5B protein as a whole for additional long-term
simulations and in vitro or in vivo assays.
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