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Abstract
We analyzed the impact of nine previously identified missense PKD1 variants from our studies, including c.6928G > A 
p.G2310R, c.8809G > A p.E2937K, c.2899 T > C p.W967R, c.6284A > G p.D2095G, c.6644G > A p.R2215Q, c.7810G > A 
p.D2604N, c.11249G > C p.R3750P, c.1001C > T p.T334M, and c.3101A > G p.N1034S on RNA structures and PC1 protein 
structure dynamics utilizing computational tools. RNA structure analysis was done using short RNA snippets of 41 nucleo-
tides with the variant position at the 21st nucleotide, ensuring 20 bases on both sides. The secondary structures of these RNA 
snippets were predicted using RNAstructure. Structural changes of the mutants compared to the wild type were analyzed 
using the MutaRNA webserver. Molecular dynamics (MD) simulation of PC1 wild-type and mutant protein regions were 
performed using GROMACS 2018 (GROMOS96 54a7 force field). Findings revealed that five variants including c.8809G > A 
(p.E2937K), c.11249G > C (p.R3750P), c.3101A > G (p.N1034S), c.6928G > A (p.G2310R), c.6644G > A (p.R2215Q) exhib-
ited major alterations in RNA structures and thereby their interactions with other proteins or RNAs affecting protein structure 
dynamics. While certain variants have minimal impact on RNA conformations, their observed alterations in MD simulations 
indicate impact on protein structure dynamics highlighting the importance of evaluating the functional consequences of 
genetic variants by considering both RNA and protein levels. The study also emphasizes that each missense variant exerts 
a unique impact on RNA stability, and protein structure dynamics, potentially contributing to the heterogeneous clinical 
manifestations and progression observed in Autosomal Dominant Polycystic Kidney Disease (ADPKD) patients offering a 
novel perspective in this direction. Thus, the utility of studying the structure dynamics through computational tools can help 
in prioritizing the variants for their functional implications, understanding the molecular mechanisms underlying variability 
in ADPKD presentation and developing targeted therapeutic interventions.
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Introduction

Polycystic kidney disease (PKD) stands as a formidable 
challenge in the realm of renal disorders, with its hallmark 
manifestation being the formation of fluid-filled cysts in 
the kidneys, often leading to progressive renal dysfunction 
and, eventually, end-stage renal disease (ESRD) in severe 

cases. Autosomal dominant PKD (ADPKD) is the most 
common form of PKD, affecting approximately 1 in 1000 
individuals worldwide. The key clinical features of the dis-
ease include renal cysts, which lead to progressive kidney 
enlargement and failure, liver cysts causing hepatomeg-
aly, and intracranial aneurysms in certain cases, increasing 
stroke risk. The disease also manifests with extra-renal 
symptoms such as hypertension, urinary tract infections, 
kidney stones, and cardiovascular abnormalities. Other 
organs like the pancreas, spleen, and reproductive system 
can be affected (Nishio et al. 2021). With approximately 
7–10% genetically unresolved cases, ADPKD is primarily 
caused by mutations in two genes, PKD1 (~ 70% cases) 
and PKD2 (~ 15% cases). PKD1 and PKD2 encode for 
the proteins polycystin-1 (PC1) and polycystin-2 (PC2), 

 *	 Parimal Das 
	 parimal@bhu.ac.in

1	 Centre for Genetic Disorders, Institute of Science, Banaras 
Hindu University, Varanasi, Uttar Pradesh 221005, India

2	 National Cancer Institute, National Institutes of Health, 
Bethesda, MD 20892, USA

http://orcid.org/0000-0002-6421-2171
http://orcid.org/0000-0002-9857-4277
http://crossmark.crossref.org/dialog/?doi=10.1007/s13205-024-04057-9&domain=pdf


	 3 Biotech (2024) 14:211211  Page 2 of 19

respectively. ADPKD is genetically heterogeneous, and the 
majority of cases are attributed to mutations in the PKD1 
(Hopp et al. 2020; Yeung et al. 2024). The full function of 
this protein is not entirely clear, but PC1 is known to be 
a large transmembrane protein (4303 aa) with a complex 
structure and crucial role in regulating cellular processes 
such as differentiation, cell proliferation, and apoptosis 
(Peintner and Borner 2017). It comprises an N-terminal 
extracellular domain, several transmembrane domains, 
and a cytoplasmic C-terminal tail. The leucine-rich 
repeat (LRR) domains are implicated in signal transduc-
tion pathways and mediate PC1's involvement in cell–cell 
and cell–matrix interactions. The C-type lectin domain 
suggests roles in protein–protein interactions and cell 
adhesion. The sixteen PKD repeats are considered vital 
for cell–cell interactions and normal renal development. 
The REJ domain regulates PC1’s ion transport, while the 
PLAT domain facilitates protein–protein and protein–lipid 
interactions in signaling pathways. The 11 transmembrane 
domains likely serve as channels for ion transport, and the 
C-terminal tail regulates downstream signaling pathways 
through interactions with G protein subunits, highlighting 
the important functional roles of PC1 in cellular physiol-
ogy. PC1 present in primary cilia in the renal tubules is 
believed to perceive fluid movement within these tubules, 
contributing to the maintenance of their size and structure. 
The PC1 and PC2 complex within renal tubules facili-
tates the typical development and operation of the kidneys 
(Weston et al. 2003; Wang et al. 2019). Mutations in PKD1 
are responsible for around 78% of ADPKD cases, making 
it a primary focus for understanding disease pathogenesis 
(Hopp et al. 2020). Due to the limited understanding of the 
disease, effective cure remains a challenge. Understand-
ing the structural and functional consequences of specific 
PKD1 variants is essential for elucidating genotype–phe-
notype correlations and guiding personalized treatment 
approaches.

The experimental determination of its full thermody-
namic structural changes at RNA and protein level, and 
the complete protein’s function remain challenging due 
to its large complex structure and transmembrane locali-
zation. Molecular dynamics (MD) simulation techniques 
provide valuable insights into studying the dynamic behav-
ior, structural stability of proteins at the atomic level, 
and interactions within the cellular milieu like how they 
undergo conformational changes (Hollingsworth and Dror 
2018; Vander Meersche et al. 2024). By computationally 
modeling the interactions between atoms and molecules 
over time, MD simulations can help understand the impact 
of mutations on protein structure, conformational dynam-
ics, and interactions with ligands or other biomolecules, 
making them plausible targets for drug development after 

understanding the disease mechanisms (Hollingsworth and 
Dror 2018; Salo-Ahen et al. 2020).

PKD is a complex disease and its complexity can be 
seen at every scientific level, be it genetic, proteomic, or 
how the disease develops and affects patients. While much 
research is being focused on understanding the genetics and 
protein-level consequences of the mutations, understanding 
their impact on RNA structure and dynamics remains com-
paratively less explored. There is an urgent need to deepen 
our understanding of each level of the molecular processes 
underlying PKD pathogenesis.

RNA serves as the intermediary between DNA and pro-
tein and plays a crucial role in the regulation of gene expres-
sion and hence cellular processes. RNA molecules not only 
fold into secondary structures but also in three dimensions. 
The way RNA works depends a lot on its shape, which is 
influenced by its sequence. The RNA often has to fold many 
times to get the structure which is a complex process. Usu-
ally, RNA starts by folding into simpler shapes that are most 
energetically favorable, then it forms a paired double helix 
by folding on itself (Draper et al. 2005; Holbrook 2008; 
Butcher and Pyle 2011; Ganser et al. 2019). Mutations in 
genes, subsequently within RNA sequences, can disrupt its 
folding and hence structure, affecting its function and poten-
tially contributing to disease pathogenesis (Halvorsen et al. 
2010; Sauna and Kimchi-Sarfaty 2011; Salari et al. 2013; 
Hunt et al. 2014; Diederichs et al. 2016). Understanding 
how genetic variants affect RNA could also provide insights 
into the molecular mechanisms driving PKD progression 
and potential therapeutic targets. In this study, we explored 
RNA behavior affected by the missense PKD1 variants pre-
viously identified in ADPKD patients, uncovering another 
layer of complexity, and highlighting RNA's importance in 
understanding the disease more thoroughly. We also uti-
lized MD simulation to analyze their structure dynamics 
and functional effects at protein level. Our results contrib-
ute to enhancing our understanding of PKD1-related disease 
mechanisms and could potentially guide further experimen-
tal investigations and the development of new therapeutic 
approaches for managing ADPKD.

Methodology

PKD1 variants

The wild-type and missense variants of PKD1 c.6928G > A 
p.G2310R, c.8809G > A p.E2937K, c.2899 T > C p.W967R, 
c.6284A > G p.D2095G, c.6644G > A p.R2215Q, 
c.7810G > A p.D2604N, c.11249G > C p.R3750P, 
c.1001C > T p.T334M, and c.3101A > G p.N1034S, identi-
fied in our previous studies using Sanger sequencing and 
whole exome sequencing were studied for RNA structure 
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using available online tools and protein dynamics using MD 
simulation. These identified missense variants were indi-
vidually found in different patients diagnosed with ADPKD 
(Raj et al. 2020; DEVI et al. 2024).

RNA sequence selection and extraction

The RNA sequences of interest were derived from the PKD1 
NM_001009944 transcript ID. Short RNA snippets com-
prising 41 nucleotides were extracted for each wild type 
and mutant, with the mutation locus precisely positioned at 
the 21st nucleotide, ensuring 20 bases on both sides of the 
nucleotide change.

Prediction of RNA secondary structure

The secondary structures of each wild-type and mutant 
RNA snippets were predicted utilizing the RNAstructure 
web server (version 6.0.1) (Bellaousov et al. 2013). Using 
thermodynamic principles, this server employs algorithms 
to predict RNA secondary structures and provides the fold-
ing patterns and base pairing interactions within the RNA 
molecule.

Effect of mutation on RNA

Mutational analysis of RNA snippets was done using 
MutaRNA tool (version (5.0.10)) to analyze the structural 
changes induced by each missense mutation (Miladi et al. 
2020). This analysis involved the intra-molecular base pair-
ing potential, base pairing probabilities of the mutant RNA, 
and assessment of accessibility (single-strandedness) in 
comparison to the wild-type counterpart (Bernhart et al. 
2011). By combining the remuRNA (Salari et al. 2013) and 
RNAsnp, this tool helps understand mutation-induced altera-
tions in RNA structures. The measure of relative entropy, 
also known as Kullback–Leibler divergence, in this web-
server is used to quantify the difference between two prob-
ability distributions. In RNA structural studies, it compares 
the probability distribution of nucleotide conformations or 
base-pairing states between wild-type and mutant sequences. 
This measure is crucial for assessing RNA structural impact 
because it provides a quantitative way to detect how muta-
tions alter RNA structure.

Secondary and tertiary structure analysis of protein 
structures

Secondary structure prediction was performed using 
PSIPRED (McGuffin et al. 2000) and tertiary structure 
superposition visualization was conducted using Chimera 
(Pettersen et al. 2004) (Supplementary Figs. 2, 3).

Mutant protein structure creation 
and preprocessing

Mutant structures of PKD1 protein variants were generated 
utilizing the Swiss Model (Schwede et al. 2003). Given the 
substantial size of the PKD1 protein, conventional struc-
ture modelling and simulation posed significant challenges. 
Therefore, in lieu of direct structure determination, we 
employed motif and domain analysis of PKD1 through the 
motif scan web server (Sigrist et al. 2010). Then we identi-
fied location of the variants and subsequently created muta-
tions within the domain structure of PKD1.

Individually, 9 variant structures were generated based on 
their specific locations within domains and motifs simulta-
neously, resulting in the production of 9 distinct wild-type 
PKD1 structures. To facilitate modeling, different template 
structures were selected based on the mutation's loca-
tion within different domains. The selection of template 
IDs (T.I.) was as follows: p.E2937K (T.I. G9KGT4.1.A_
European domestic ferret), p.G2310R (T.I. H3BTE0.1A_
Human), p.W967R (T.I. A0A212CYZ4.1.A_European 
Red deer), p.D2095G (T.I. Q59EY6.1_Human), p.R2215Q 
(T.I. H3BTE0.1A_Human), p.D2604N (T.I. H3BTE0.1A_
Human), p.R3750P (T.I. 6a70.1b_Human), p.T334M (T.I. 
A0A212CZX9.1.A_ European Red deer), and p.N1034S 
(T.I. A0A212CYZ4.1A_ European Red deer).

Preprocessing involved the elimination of all non-stand-
ard residues, including water molecules, followed by the 
addition of hydrogen atoms using the Discovery Studio 
program (Systèmes 2016). Monomeric structures of PC1 
were then isolated for further analysis, with additional non-
standard residues removed. Energy minimization of mutant 
structures was subsequently conducted utilizing Modrefiner 
(Xu and Zhang 2011).

Molecular simulation dynamics

MD simulations of wild-type and mutant PC1 regions were 
conducted using GROMACS 2018 version (GROMOS96 
54a7 force field) (Van Der Spoel et al. 2005; Kumar et al. 
2023; Ranjan and Das 2023). The systems were solvated 
with spc water models in a triclinic box. The systems were 
neutralized by adding Na + and Cl- ions, and the salt concen-
tration was maintained at 0.15 M. The protein was kept at 
least 1.0 nm from the box edges. Energy minimization was 
performed using the steepest descent algorithm, followed by 
equilibration at 300 K temperature and 1 atm pressure using 
the NVT (constant number of particles, volume, and tem-
perature) and NPT (constant number of particles, pressure, 
and temperature) ensembles. MD simulations were extended 
to 50 ns time frame, and analysis of root mean square devia-
tion (RMSD), root mean square fluctuation (RMSF), radius 
of gyration (Rg), H bonding, and solvent-accessible surface 
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area (SASA) was conducted using GROMACS tools (2018 
version). Visualization of MD trajectory data was performed 
using the XMGRACE application and MS Excel (Cowan 
and Grosdidier 2000).

Results

RNA secondary structure

RNA secondary structures predicted using the RNAstruc-
ture web server to study the secondary structural changes 
are depicted in Fig. 1. The analysis of secondary structure 
changes due to PKD1 missense variants revealed prominent 
alterations in case of variants c.6928G > A (p.G2310R), 
c.8809G > A (p.E2937K), c.6644G > A (p.R2215Q), 
c.11249G > C (p.R3750P), and c.3101A > G (p.N1034S). 
In these variants, significant deviations from the wild-type 
secondary structure were observed, indicating impact on 
RNA folding and stability. Conversely, variants c.2899 T > C 
(p.W967R), c.6284A > G (p.D2095G), c.7810G > A 
(p.D2604N), and c.1001C > T (p.T334M), exhibited less 
pronounced changes in secondary structure, suggesting 
milder effects on RNA conformation.

Assessment of structural impact using remuRNA

The PKD1 missense variants were quantitatively assessed 
for their structural impact on RNA by analyzing the rela-
tive entropy H(wt:mu) (Table 1). The greater the entropy 
value provided by remuRNA, the greater is the structural 
impact of the variant (Salari et al. 2013; Miladi et al. 2020). 
This means that mutations with higher relative entropy 
values exhibit greater deviations in RNA structure com-
pared to mutations with lower values. Variant c.6644G > A 
(p.R2215Q) exhibited the highest relative entropy value of 
4.878, indicating substantial deviation in RNA structure 
induced by this mutation, followed by variants c.8809G > A 
(p.E2937K) and c.11249G > C (p.R3750P) with H(wt:mu) 
values of 4.644 and 4.642, respectively. Conversely, variants 
c.7810G > A (p.D2604N), c.6284A > G (p.D2095G), and 
c.2899 T > C (p.W967R) showed relatively lower relative 
entropy values of 0.446, 0.148, and negligible 0.006, sug-
gesting minimal structural impact on RNA. The remaining 
variants c.6928G > A (p.G2310R), c.3101A > G (p.N1034S), 
and c.1001C > T (p.T334M) exhibited moderate relative 
entropy values of 1.481, 2.912, and 0.192, respectively.

The effect of the variants on RNA structure is illustrated 
using multiple approaches, including Circos plots (Fig. 2), 

Fig. 1   Secondary Structures of Original (WT) vs Altered (MT) RNA 
Snippet for PKD1 Missense Variants. The secondary structures of 
RNA snippets for each PKD1 missense variants (from panels A–I) 
predicted using the RNAstructure web server. The original (wild-

type) RNA structure is depicted on the left, while the altered (mutant) 
RNA structure is shown on the right. The nucleotide change is at 21st 
position in each structure. Different colors of bases indicate different 
base pairing probabilities
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base pairing probabilities dot plots (Fig. 3), differential base 
pairing probabilities dot plot (Fig. 4) and RNA accessibility 
profile analysis (Fig. 5). The Circos plots illustrating changes 
in base pairing probabilities at different positions in RNA 
structure due to nucleotide change, depicting both increased 
and weakened probabilities, are illustrated in Supplementary 
Fig. 1. These MutaRNA findings are related to the effect of 
the variant within the RNA snippet affecting the secondary 
structure and accessibility to its surrounding context.

Circos plots (Fig. 2) were generated to visualize the 
interplay between different positions of the RNA sequence 
and their interactions. Variants were represented as arcs 
connecting the affected nucleotides, providing a view of 
the positional relationships within the RNA molecule and 
highlighting potential disruptions caused by sequence 
change using different hues of grey, with darker grey 
color showing potentially stronger base pairing prob-
abilities. Prominent deviations from wild-type patterns 
were observed in variants c.8809G > A (p.E2937K), 
c.11249G > C (p.R3750P), and c.3101A > G (p.N1034S) 
indicating significant structural impacts. Similarly, vari-
ants c.6928G > A (p.G2310R), c.6284A > G (p.D2095G), 
and c.7810G > A (p.D2604N), exhibited less pronounced 

deviations, with c.2899 T > C (p.W967R) and c.1001C > T 
(p.T334M) being the least, suggesting milder effects on 
RNA conformation. These base pair probabilities for wild-
type (WT) and mutant (MT) sequences can also be visu-
alized in heat maps dot matrices (Fig. 3, 4). Consistent 
alterations in base pairing patterns were observed in vari-
ants indicating significant structural changes. This is also 
evident in the entropy chart and the secondary structure 
predictions using 2D structure and Circos plots base pair-
ing probabilities (Table 1, Figs. 1 and 2).

The differences in base pairing probabilities between 
mutant and wild-type RNA (Δ = Pr(bp in WT)—Pr(bp 
in mut)) for PKD1 missense variants are depicted as dif-
ferential heat map dot matrices (Fig. 4) to compare base 
pairing probabilities between mutant and wild-type RNA 
sequences with red indicating increased interaction likeli-
hood and blue indicating weakened base pairs.

RNA accessibility

Comparison of accessibility profiles of wild-type (wt) and 
mutant (mut) RNA sequences for PKD1 missense variants 
was compared to assess changes in single-strandedness 
and structure dynamics (Fig. 5), which are strongly related 
to its interactions with other proteins or RNAs. The acces-
sibility profile indicates the likelihood of nucleotides being 
unpaired for each position within the RNA sequences. The 
blue line illustrates the alteration in accessibility (WT-
mut), where negative values signify positions more likely 
to be unpaired in the mutant compared to the wild-type. 
The “negative drops" in the blue differential accessibility 
profile signify the reduced accessibility in the folded wild 
type compared to its mutant. The RNA accessibility pro-
files varied across different variants, with the prominent 
accessibility differences observed in variants c.8809G > A 
(p.E2937K), c.11249G > C (p.R3750P), and c.3101A > G 
(p.N1034S). Subsequently, c.6644G > A (p.R2215Q), 
c.6928G > A (p.G2310R), and c.7810G > A (p.D2604N) 
also exhibited effect on accessibility profile. Conversely, 
the accessibility was negligible in variants c.2899 T > C 
(p.W967R), c.6284A > G (p.D2095G), and c.1001C > T 
(p.T334M). These findings suggest that certain variants, 
particularly c.8809G > A, c.11249G > C, and c.3101A > G 
(p.N1034S) may significantly impact RNA accessibility, 
potentially influencing interactions with other molecules 
or proteins. In contrast, variants such as c.6284A > G and 
c.1001C > T may have minimal effects on RNA accessi-
bility, highlighting the variability in the structural con-
sequences of the variants. The structural alterations in 
the predicted secondary structures are consistent with 
mutaRNA results.

Table 1   Quantitative Assessment of Structural Impact of PKD1 Mis-
sense Variants on RNA

The table presents the results of remuRNA analysis for various PKD1 
missense variants. This provides quantitative assessment of the 
impact of the variants on RNA structures. H(wt:mu) value (localized 
relative entropy between wild-type and mutant RNAs), MFE(mu) 
(minimum free energy) for the mutant sequence, MFE(wt) for the 
wild-type sequence, and dMFE (difference in MFE between mutant 
and wild-type). Positive dMFE values indicate increased MFE in the 
mutant compared to the wild type, while negative values indicate a 
decrease. The greater the entropy value provided by remuRNA, the 
more is the structural impact of the variant

SN PKD1 Variant H(wt:mu) MFE(mu) MFE(wt) dMFE

1 c.6928G > A
p.G2310R

1.481  – 7.8  – 7.2 0.6

2 c.8809G > A
p.E2937K

4.644  – 3.2  – 4.8  – 1.6

3 c.2899 T > C
p.W967R

0.006  – 10.6  – 10.4 0.2

4 c.6284A > G
p.D2095G

0.148  – 11.1  – 11.1 0

5 c.6644G > A
p.R2215Q

4.878  – 14.6  – 16  – 1.4

6 c.7810G > A
p.D2604N

0.446  – 7.9  – 7.9 0

7 c.11249G > C
p.R3750P

4.642  – 14.8  – 14.3 0.5

8 c.1001C > T
p.T334M

0.192  – 16.1  – 16.1 0

9 c.3101A > G
p.N1034S

2.912  – 10.2  – 8.2 2
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Secondary and tertiary structure analysis of protein 
structures

The secondary structure prediction analysis revealed sig-
nificant changes in the secondary structures of all nine 
protein variants when compared to the wild-type protein. 
These changes are primarily observed in the strand and 
helical structures (Supplementary Fig. 2). Each variant 
exhibits distinct alterations in these regions, indicating 
potential impacts on the protein's overall stability and 
function. Tertiary structure superposition visualization 
was performed using the Chimera tool. The alignment of 
mutant and wild-type protein structures showed no visible 
changes in the overall tertiary structure, indicating similar 
global folds (Supplementary Fig. 3).

MD simulation of protein structures

The RMSD, RMSF, SASA, Rg, and H-bonding plots for 
each variant with wild type are depicted in Figs. 6, 7, 8, 
10, 11 respectively. The average values of each parameter 
are mentioned in Table 2. For the c.8809G > A variant 
(p.E2937K), the mutant structure exhibited higher average 
RMSD (0.502 nm compared to 0.42 nm) and Rg (2.02 nm 
compared to 1.61 nm) values compared to the wild-type 
structure, indicating structural deviations and increased pro-
tein compactness. However, RMSF values remained rela-
tively similar between the wild-type and mutant structures. 
The SASA and the number of hydrogen bonds were slightly 
higher in the mutant structure, suggesting changes in the 
protein's surface area and hydrogen bonding interactions.

Fig. 2   Circos Plots for Base Pair Probabilities of Original (WT) vs 
Altered (MT) RNA Snippets. The base pair probabilities are repre-
sented using circular plots (circos). The sequence starts from the 5' 
end at the slight-left bottom and progresses clockwise until reaching 
the 3' end. Within the circular plot, the analyzed mutation at posi-
tion 21 is marked by a red color positioned at the top of the mutant 
circos. In each panel from A to I, the wild-type (WT) RNA struc-
ture is depicted on the left, while the mutant (MT) RNA structure is 

shown on the right. Darker hues of gray indicate higher probabilities 
of base pairing. Variants c.8809G > A (p.E2937K), c.11249G > C 
(p.R3750P), and c.3101A > G (p.N1034S) showed prominent struc-
tural impacts. Variants c.6928G > A (p.G2310R), c.6284A > G 
(p.D2095G), and c.7810G > A (p.D2604N) had moderate deviations, 
while c.2899 T > C (p.W967R) and c.1001C > T (p.T334M) had the 
least impact on RNA structure
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For the c.6928G > A variant (p.G2310R), both wild-type 
and mutant structures exhibited differences in RMSD, with 
the mutant structure showing slightly lower RMSD (0.28 nm 

compared to 0.30 nm). RMSF values were comparable 
between the wild-type and mutant structures. However, 
the Rg value increased marginally in the mutant structure 

Fig. 3   Base Pair Probabilities for Wild-type (WT) and Mutant (MT) 
PKD1 Variants. The dot plot depicts the base pairing potential of 
both the WT and MT RNA variants. Darker dots indicate a higher 
probability of forming a base pair between the respective sequence 
positions. Base pair probabilities are derived from the Boltzmann dis-
tributed energies of all structures that can be formed by RNA, consid-
ering folding constraints such as maximal base pair span. The wild-
type sequence is represented in the top-right portion of the matrix, 
while the mutant sequence is shown in the bottom-left. Each tick 

interval on the axes represents 10 nucleotides, with the evaluated var-
iant at position 21 highlighted by red dotted lines on each axis. Panels 
A to I, represent each PKD1 missense variants. Variants c.8809G > A 
(p.E2937K), c.11249G > C (p.R3750P), and c.3101A > G (p.N1034S) 
showed prominent structural impacts. Variants c.6928G > A 
(p.G2310R), c.6284A > G (p.D2095G), and c.7810G > A (p.D2604N) 
had moderate deviations, while c.2899  T > C (p.W967R) and 
c.1001C > T (p.T334M) had the least impact on RNA structure
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(1.41 nm compared to 1.3 nm in the wild type), indicating 
a slight expansion of the protein structure. Similarly, SASA 
and the number of hydrogen bonds also increased in the 
mutant structure, suggesting alterations in the protein's sur-
face characteristics and hydrogen bonding pattern.

For the c.2899 T > C variant (p.W967R), considerable 
differences were observed between the wild-type and mutant 
structures. The mutant structure showed higher RMSD 
(1.51 nm compared to 1.12 nm) and RMSF (0.657 nm com-
pared to 0.487 nm) values, suggesting a more pronounced 
deviation and greater structural flexibility as compared to the 
wild-type conformation. This means that the mutant struc-
ture is less stable and more prone to changes compared to the 
normal structure. Rg values were comparable between the 

wild-type and mutant structures, while SASA and hydrogen 
bonding patterns showed minor variations.

For the c.6284A > G variant (p.D2095G), both wild-type 
and mutant structures exhibited similar RMSD and RMSF 
values. However, the mutant structure displayed a slightly 
higher Rg value (3.44 nm compared to 3.11 nm) and SASA, 
indicating a potential expansion of the protein structure and 
altered surface characteristics. The number of hydrogen 
bonds remained relatively stable between the wild-type and 
mutant structures.

For the c.6644G > A variant (p.R2215Q), the mutant 
structure showed slightly lower RMSD (0.42 nm compared 
to 0.52 nm) and RMSF values compared to the wild-type 
structure. Rg values were similar between the two structures, 

Fig. 4   Differences in Base Pairing Probabilities between Mutant and 
Wild-type RNA for PKD1 Missense Variants. The dot plot illus-
trates the difference in base pairing probabilities (Pr(bp)) between the 
mutant and wild-type RNA, calculated as Pr(bp in WT)—Pr(bp in 
mut) [Δ = Pr(bp in WT)—Pr(bp in mut)]. Weakened base pairs result-

ing from the mutation are represented in blue, while stronger ones 
are depicted in red. Each tick interval on the axes corresponds to 10 
nucleotides. The mutated position is denoted by red dotted lines. Pan-
els A–I represent individual PKD1 missense variants
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indicating comparable compactness. However, SASA was 
slightly reduced in the mutant structure, while the number 
of hydrogen bonds remained consistent.

For the c.7810G > A variant (p.D2604N), both wild-type 
and mutant structures exhibited similar RMSD and RMSF 
values. However, the mutant structure displayed a slightly 
higher Rg value (1.96 nm compared to 2.00 nm) and SASA, 
suggesting potential structural alterations and changes in 
surface accessibility. The number of hydrogen bonds was 
slightly lower in the mutant structure.

For the c.11249G > C variant (p.R3750P), the mutant 
structure exhibited slightly lower RMSD (1.18 nm compared 
to 1.32 nm) and RMSF values compared to the wild-type 
structure. Rg values were similar between the two structures, 
indicating comparable compactness. However, SASA was 
slightly reduced in the mutant structure, while the number 
of hydrogen bonds remained consistent.

For the c.1001C > T variant (p.T334M), the mutant 
structure displayed slightly higher RMSD (1.35 nm com-
pared to 1.198 nm) and RMSF values compared to the 
wild-type structure. Rg values were similar between the 
two structures, indicating comparable compactness. How-
ever, SASA was slightly increased in the mutant structure, 
while the number of hydrogen bonds remained consistent.

For the c.3101A > G variant (p.N1034S), both wild-
type and mutant structures exhibited similar RMSD and 
RMSF values. Rg values were also comparable between 
the two structures, indicating similar compactness. SASA 
and the number of hydrogen bonds remained relatively 
stable between the wild-type and mutant structures.

Fig. 5   Comparison of Accessibility Profiles of Wild-Type (wt) and 
Mutant (mut) RNA Sequences for PKD1 Missense Variants. The 
accessibility profiles of both wild-type (green) and mutant (orange) 
sequences and their differences help evaluate how the mutation 
affects the RNA’s single-strandedness, which is strongly related to its 
interactions with other proteins or RNAs. Accessibility is evaluated in 
terms of local single-position unpaired probabilities, comparing the 

accessibility (i.e., probability of being unpaired) for each nucleotide 
position of the RNA sequences. The blue line represents the change 
in accessibility (wt-mut), with negative values indicating positions 
more likely to be unpaired in the mutant compared to the wild-type. 
This can be seen as the 'negative drops' in the blue differential acces-
sibility profile. The red line indicates the mutated position for each 
PKD1 missense variant (from panels A–I)
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Discussion

This study involves computational tools to investigate the 
effects on RNA structure and employed molecular dynam-
ics simulation to explore the protein structure dynamics 
and functional implications of nine missense variants from 
the previously identified variants of PC1, the protein prod-
uct encoded by the PKD1, recognized for its central role 
in ADPKD. ADPKD is a genotypically and phenotypically 
heterogeneous disease, meaning there are a wide variety of 
genetic mutations that can cause it, and the variability in the 
disease phenotype is observed among the patients, making 
it a complex disease. The reasons for this phenotypic diver-
sity are not well understood. The PKD1 alone has multiple 
allelic variants associated with ADPKD. There are many 
variants identified in PKDI and PKD2. According to the 
PKDB database, in PKD1, total 2232 variants and in PKD2 
total 302 variants have been reported. The missense variants 
are the most common in the PKD1 after truncating variants 

in ADPKD (https://​pkdb.​mayo.​edu). Our study focused on 
these nine specific variants based on their rarity/novelty, 
and pathogenicity, as determined in our previous studies 
involving ADPKD patients and families (Raj et al. 2020; 
DEVI et al. 2024). These missense variants were individu-
ally identified in different ADPKD patients. ADPKD stands 
as the most prevalent hereditary renal disorder characterized 
by the progressive formation of fluid-filled cysts within the 
kidneys, resulting in renal failure (Bergmann et al. 2018). 
PC1, a complex trans-membrane protein, governs crucial 
cellular processes within renal tubules, considered vital for 
maintaining renal integrity (Weimbs 2007; Paul and Van-
den Heuvel 2014). So far, the exact function of this protein 
largely remains elusive. The protein's complexity arises from 
its large structure with multiple domains, each anticipated 
to contribute distinct functions. These include the leucine-
rich repeat (LRR) domains, implicated in signal transduc-
tion and cell–matrix interactions; the C-type lectin domain 
facilitating protein–protein interactions; and the low-density 

Fig. 6   RMSD Analysis of the Variants: The RMSD plot depicts the 
average deviation of the backbone atoms of nine PKD1 variants vs 
wild-type from their initial structures over the 50 ns time frame MD 
simulation. Each plot A–I represents the RMSD profile for a specific 
PKD1 variant (Red), with the wild-type (Blue). RMSD values were 

calculated relative to the initial conformation and plotted against sim-
ulation time (ns). The RMSD analysis predicts about the stability and 
structural changes of PKD1 variants compared to the wild-type pro-
tein over time

https://pkdb.mayo.edu
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lipoprotein A (LDL-A) region, known for its cysteine-rich 
nature; however, the presence of LDL-A in PC1 is still a 
debate. The 16 PKD repeats are considered to play essential 
roles in mediating cell–cell interactions and normal kid-
ney development. The REJ domain possibly modulates ion 
transport. Also, the PLAT domain facilitates protein–protein 
and protein–lipid interactions, and the 11 transmembrane 
domains likely act as ion transport channels. The cytoplas-
mic C-terminal tail regulates downstream signaling path-
ways by interacting with G protein subunits. Studying the 
dynamics of RNA structures in vitro is challenging, and 
comprehending the role of PC1 in cellular physiology, par-
ticularly in the context of ADPKD, remains a formidable 
challenge, given its intricate nature as a large trans-mem-
brane protein with diverse domains (Weston et al. 2003; 
Wang et al. 2019). The analysis of various RNA structural 
parameters and the MD simulation of protein regions enable 
us to decipher the impact of mutations on RNA structure 
and interactions, PC1's stability, dynamics, and interactions, 

offering helpful insights into the molecular foundations of 
ADPKD pathogenesis and paving the way for targeted thera-
peutic interventions.

The MD simulations conducted for various PKD1 vari-
ants provided significant insights into the structural con-
sequences of these mutations. As the protein size is large 
(4303 aa), motif and domain analysis through the motif 
scan web server aided in identifying variant locations 
and creating mutations within PKD1’s domain structure 
for simulation (DEVI et al. 2024). The MD simulations 
revealed significant differences in their dynamic behavior, 
including altered flexibility and transient local structural 
changes affecting function, such as binding and activity. 
Tertiary structure superposition provides a static snapshot 
of protein structures, focusing on the overall fold. This 
method may miss subtle or transient changes. The muta-
tion may shift the dynamic equilibrium of conformations, 
leading to functional impacts not evident in static views. 
The MD simulation capture time-dependent behaviors, 

Fig. 7   RMSF Analysis of PKD1 Variants: The RMSF plot illus-
trates the fluctuation of amino acid residues within the backbone of 
wild-type and mutant variants during 50 ns time frame MD simula-
tion. Each plat A–I represents the RMSF profile for a specific vari-
ant (Red), with the wild-type (Blue). The RMSF analysis provides 

insights into the individual residue dynamic flexibility and local 
structural variations of PKD1 variants compared to the wild-type pro-
tein highlighting how mutations affect the dynamic behavior and sta-
bility of specific regions within the protein
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revealing dynamic differences like flexibility and local 
structural changes over time in cellular-like environment. 
Thus, while static analysis indicates structural similarity, 
MD simulation underscore important dynamic differences, 
highlighting the necessity of both static and dynamic anal-
yses to fully understand the mutation’s effects. Therefore, 
similar tertiary structures do not imply functional similar-
ity, as dynamic behavior is crucial. Analysis of MD simu-
lation parameters, such as RMSD, RMSF, Rg, SASA, and 
hydrogen bonding patterns, revealed deviations between 
wild type and mutant structures. RMSD measures the aver-
age distance between atoms of aligned proteins. RMSD 
values were calculated relative to the initial conforma-
tion and plotted against simulation time (ns). The RMSD 
analysis predicts the stability and structural changes. The 
RMSD curve (Fig. 6), calculated using GROMACS, illus-
trates the changes in backbone stability for each mutant 
protein (red) as compared to its wild-type counterpart 

(blue). Higher RMSD values indicate greater deviations 
from the original protein structure, suggesting significant 
conformational changes due to mutations.

The RMSF analysis provides insights into the individual 
residue dynamic flexibility and local structural variations of 
PKD1 variants compared to the wild-type protein. RMSF 
measures how much each residue moves from its average 
position over time. The RMSF curve from MD simulations 
helps understand the flexibility of different parts of the pro-
tein. These RMSF plots typically represent residues that 
have undergone significant changes during the MD simula-
tion. Higher RMSF values indicate increased flexibility and 
movement in specific regions.

The radius of gyration (Rg) describes the compactness of 
the protein structure over time. Smaller Rg values indicate 
a more compact structure, while larger values suggest an 
expanded protein. Changes in the Rg curve reflect altera-
tions in the protein's overall shape. It can provide insights 

Fig. 8   SASA Analysis of PKD1 Variants. The SASA plot displays the 
solvent accessible surface area of wild-type and mutant PKD1 vari-
ants over the 50 ns time frame. Each plot A–I represents the SASA 
profile for a specific PKD1 variant, with the wild-type depicted in a 
distinct color (Blue: wild, Red: mutant). The SASA analysis reveals 

how much of the protein's surface is exposed to solvent molecules, 
highlighting changes in protein interactions and how accessible the 
protein is for binding with other molecules. A larger SASA value 
indicates increased exposure
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into the molecule's structural properties and conformational 
changes over time.

Hydrogen bonds play a key role in maintaining protein 
stability. Mutations can change the number and strength of 
hydrogen bonds, impacting the protein's stability. Changes 
in hydrogen bonding patterns can lead to significant confor-
mational changes in the protein, affecting its function and 
interactions.

The SASA analysis helps understand how much of the 
protein surface is exposed to solvent molecules, reflecting 
changes in protein interactions. A higher SASA value means 
a larger surface area is accessible to solvents, which can be 
more favorable for binding with enzymes, interacting pro-
teins, or molecules.

For the c.6928G > A (p.G2310R), although the RMSD 
values were slightly lower in the mutant structure com-
pared to the wild type, indicating a degree of stabilization, 
other parameters such as Rg, SASA, and hydrogen bonding 
showed modest increases (Table 2; Figs. 6, 8, 10). This sug-
gests that the mutation may induce subtle structural changes 
in the protein, potentially affecting its stability and surface 
properties. In contrast, the c.8809G > A (p.E2937K) exhib-
ited notable deviations in RMSD and Rg values (Table 2; 
Figs. 6, 10), indicating significant structural alterations in 
the mutant protein. The increased SASA and hydrogen bond-
ing (Figs. 8, 11) observed in the mutant structure further 
emphasize the substantial impact of this mutation on the 
protein's conformation and interactions. The c.2899 T > C 
(p.W967R) showed the most noticeable differences, with 
substantially higher RMSD and RMSF values (Table 2; 
Figs. 6 and 7) in the mutant structure, indicating increased 
flexibility and deviation from the native conformation. This 
mutation also resulted in a noteworthy increase in Rg and 
SASA, suggesting a more extended and exposed protein 
structure. For the c.6284A > G variant (p.D2095G), although 
the RMSD and RMSF values were comparable between 
wild-type and mutant structures, minor differences in Rg 
and SASA were observed, indicating alterations in the pro-
tein’s compactness and surface accessibility induced by the 
mutation. Similarly, the c.6644G > A variant (p.R2215Q) 
displayed slight differences in RMSD and RMSF values, 
with relatively stable Rg and SASA. These findings suggest 
that this mutation may also induce subtle changes in the 
protein structure without significantly affecting its overall 
compactness or surface properties. The c.7810G > A variant 
(p.D2604N) and c.11249G > C variant (p.R3750P) showed 
similar trends, with minor differences in RMSD and RMSF 
values but comparable Rg and SASA between wild-type and 
mutant structures, suggesting that these mutations may have 
limited effects on the overall structure and surface prop-
erties of the protein. In contrast, the c.1001C > T variant 
(p.T334M) exhibited slightly higher RMSD and RMSF val-
ues in the mutant structure, indicating increased flexibility. 

However, other parameters, such as Rg, SASA, and hydro-
gen bonding, remained relatively stable, suggesting that this 
mutation may induce localized structural changes without 
significantly altering the overall protein conformation. For 
the c.3101A > G variant (p.N1034S), minimal differences 
were observed in RMSD, RMSF, Rg, SASA, and hydrogen 
bonding between wild-type and mutant structures, indicating 
that this mutation may have limited impact on the protein's 
structure and dynamics. Thus, MD simulations provided 
valuable clues about the structural consequences of PKD1 
mutations, highlighting their diverse effects on protein sta-
bility, flexibility, and surface properties.

The studied missense variants in the PKD1 are located 
in crucial domains involved in various aspects of PC1 func-
tion. The p.G2310R, p.R2215Q, p.D2604N, and p.E2937K 
variants occur within or near the REJ domain (Fig. 9), 
implicated in ion transport regulation, potentially altering 
its ability to modulate ion flux across cell membranes. The 
p.T334M, p.W967R, p.N1034S, and p.D2095G variant in 
the 1st, 3rd, 5th, and 16th PKD domains may impair PC1's 
ability to interact with other proteins or structural elements. 
Similarly, the p.R3750P variant in the PKD cation channel 
domain may alter ion channel activity, affecting cellular ion 
homeostasis.

Considering the RNA level, changes in secondary struc-
ture suggest prominent or milder effects on RNA confor-
mation and highlight the heterogeneous nature of structural 
alterations induced by missense variants in PKD1. This 
emphasizes the importance of considering the specific 
molecular consequences of each mutation in disease patho-
genesis. The study comprehensively analyzed the structural 
impact of these variants on RNA secondary structure using 
a combination of computational tools and predictive mod-
els. RNA secondary structures were initially predicted using 
the RNAstructure web server, providing insights into the 
potential alterations induced by these variants. The analysis 
revealed prominent deviations from the wild-type RNA sec-
ondary structure in some variants, which are c.6928G > A 
(p.G2310R), c.8809G > A (p.E2937K), c.6284A > G 
(p.D2095G), c.6644G > A (p.R2215Q), c.11249G > C 
(p.R3750P) and also c.3101A > G (p.N1034S). These vari-
ants exhibited significant impacts on RNA folding and sta-
bility, suggesting potential functional consequences at the 
molecular level. Further assessment of structural impact was 
analyzed using the relative entropy between wild-type and 
mutant RNAs to quantify the extent of structural changes 
induced by each mutation (Table 1). In descending order 
of relative entropy H(wt:mu) values, the most to the least 
impactful variants are as follows: c.6644G > A (p.R2215Q) 
with an H(wt:mu) of 4.878, c.8809G > A (p.E2937K) with 
4.644, c.11249G > C (p.R3750P) with 4.642, c.3101A > G 
(p.N1034S) with 2.912, c.6928G > A (p.G2310R) with 
1.481, c.7810G > A (p.D2604N) with 0.446, c.1001C > T 
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Fig. 9   Structural Representation 
of PKD1 Variants. The figure 
depicts the protein structure of 
polycystin-1 with marked mis-
sense variants analyzed in this 
study. Each variant is marked 
within the protein structure, pro-
viding visual representation of 
their respective locations within 
the PC1 protein

Fig. 10   Radius of Gyration (Rg) Analysis of PKD1 Variants. The Rg 
plot illustrates the radius of gyration of wild-type and nine mutant 
PKD1 variants over 50 ns time frame. Each plot A–I represents the 
Rg profile for a specific PKD1 variant (Red), with corresponding 

wild-type (Blue). Analysis of Rg profiles provides insights into the 
overall compactness of PKD1 variant protein compared to the wild-
type, with changes in Rg indicating differences in the structural tight-
ness or conformations of the protein
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(p.T334M) with 0.192, c.6284A > G (p.D2095G) with 
0.148, c.2899 T > C (p.W967R) with 0.006. These results 
indicate that variants, such as c.6644G > A, c.11249G > C, 
and c.8809G > A, have the most substantial impact on RNA 
structure, followed by c.3101A > G and c.6928G > A. Vari-
ants c.2899 T > C (p.W967R), c.7810G > A, c.1001C > T, 
and c.6284A > G exhibit minimal effects on RNA confor-
mational stability. These observed structural alterations were 
further corroborated by multiple approaches, including Cir-
cos plots, base pair probabilities dot plots, and differential 
base pairing probabilities dot plots (Figs. 2, 3, 4, Supple-
mentary Fig. 1). A similar trend was also observed in the 
RNA accessibility profile analysis, with prominent differ-
ences observed in variants such as c.8809G > A (p.E2937K), 
c.11249G > C (p.R3750P), and c.3101A > G (p.N1034S). 
Variants like c.6644G > A (p.R2215Q), c.6928G > A 
(p.G2310R), and c.7810G > A (p.D2604N) also showed 
notable effects on the accessibility profile. In contrast, vari-
ants c.2899 T > C (p.W967R), c.6284A > G (p.D2095G), 
and c.1001C > T (p.T334M) exhibited almost negligible 
changes in RNA accessibility. These findings suggest that 
certain variants, particularly in our study c.8809G > A, 
c.11249G > C, and c.3101A > G (p.N1034S), may have a 

significant impact on RNA accessibility, potentially affect-
ing interactions with other RNA or proteins (Fig. 5). The 
accessibility profile is evaluated in terms of the probability 
of being unpaired for each nucleotide position of the RNA 
sequences. The accessibility profiles of both wild-type and 
mutant sequences and their differences help evaluate how the 
mutation affects the RNA’s interactions with other proteins 
or RNAs. These findings suggest the diversity in the struc-
tural consequences of the studied PKD1 missense variants, 
and the variants showing substantial structural alterations in 
RNA structure represent promising drug targets for preci-
sion medicine interventions and can be prioritized for future 
studies. The variants c.2899 T > C (p.W967R), c.6284A > G 
(p.D2095G), c.7810G > A (p.D2604N), c.1001C > T 
(p.T334M) exhibited minimal alterations, suggesting milder 
effects on RNA level conformations. However, alterations 
were observed in MD simulations, particularly c.2899 T > C 
(p.W967R), which exhibited the most noticeable differences, 
suggesting that these variants may have an effect on protein 
structure dynamics, emphasizing the importance of consid-
ering both RNA and protein levels when assessing the func-
tional consequences of genetic variants, a detail not widely 
explored in previous studies. Also, it is essential to note that 

Table 2   Average Values of 
Structural Parameters from MD 
Simulation

The table presents the average values of root mean square deviation (RMSD), root mean square fluctuation 
(RMSF), radius of gyration (Rg), solvent accessible surface area (SASA), and hydrogen bonds (H-bond) 
observed by MD simulations of wild-type and mutant PKD1 variants. RMSD reflects the overall deviation 
of protein structures from their initial conformations, while RMSF indicates the flexibility of amino acid 
residues. Rg represents the compactness of protein structures, and SASA quantifies the exposure of pro-
tein surface to solvent molecules. The number of hydrogen bonds formed within the protein and between 
protein and solvent molecules is also reported. These structural parameters help understand the stability, 
dynamics, and interactions affected due to the PKD1 variants

SN PKD1 Variant Type RMSD (nm) RMSF (nm) Rg (nm) SASA (nm2) H-Bond 
(No. of 
H-bond)

1 c.6928G > A
p.G2310R

Wild 0.30 0.18 1.3 108.44 138.92
Mutant 0.28 0.19 1.41 110.84 143.68

2 c.8809G > A
p.E2937K

Wild 0.42 0.18 1.61 114.35 147.07
Mutant 0.502 0.17 2.02 119.63 144.29

3 c.2899 T > C
p.W967R

Wild 1.12 0.487 2.29 127.64 117.35
Mutant 1.51 0.657 2.21 129.64 117.68

4 c.6284A > G
p.D2095G

Wild 1.11 0.60 3.11 178.74 189.12
Mutant 1.04 0.59 3.44 178.54 184.65

5 c.6644G > A
p.R2215Q

Wild 0.52 0.311 2.04 128.39 141.54
Mutant 0.42 0.25 2.03 125.95 142.94

6 c.7810G > A
p.D2604N

Wild 0.55 0.21 2.00 208.04 336.21
Mutant 0.56 0.24 1.96 211.04 328.34

7 c.11249G > C
p.R3750P

Wild 1.32 0.38 2.5 247.26 333.04
Mutant 1.18 0.33 2.33 239.35 337.27

8 c.1001C > T
p.T334M

Wild 1.198 0.45 1.97 93.93 85.05
Mutant 1.35 0.58 1.94 104.16 84.72

9 c.3101A > G
p.N1034S

Wild 1.25 0.38 2.31 132.20 136.87
Mutant 1.06 0.37 2.35 131.54 138.79
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even subtle structural changes induced by mutations can 
potentially alter RNA dynamics and function.

From this study, we can infer that there is indeed a possi-
bility that different missense variations can intricately influ-
ence RNA stability, structure, splicing patterns, translational 
efficiency, and protein structure dynamics differently and 
contribute to variability in disease presentation and progres-
sion as observed in ADPKD. The study also highlights the 
heterogeneous nature of structural alterations induced by 
PKD1 missense variants, drawing attention to the impor-
tance of considering the specific molecular consequences 
of each mutation in disease pathogenesis. We could deduce 
that the variant may impact RNA either alone or in con-
junction with other genetic variants, such as synonymous 
or frameshift variants. The synonymous variants, although 
not altering the amino acid sequence, can influence mRNA 
stability, ribosome binding, and translation kinetics, thereby 
impacting protein expression levels (Diederichs et al. 2016; 
Ganser et al. 2019). MutaRNA could come up as a useful 

tool to have a grasp on the structural consequences of synon-
ymous variants on RNA (Miladi et al. 2020). These variants 
may disrupt RNA folding, alter splicing regulatory elements, 
impact translational kinetics, and act as disease modifiers by 
exacerbating the effects of other mutations, leading to a more 
severe disease phenotype (Diederichs et al. 2016). Moreover, 
the complex interplay between genetics, environmental fac-
tors, and epigenetic modifications can further modulate the 
overall impact of missense mutations on disease phenotypes. 
Understanding the multifaceted effects of missense variants 
on RNA is also essential for elucidating the molecular mech-
anisms underlying ADPKD pathogenesis. Insights from MD 
simulation provide additional grasp of how these missense 
variants could affect PC1 structure, stability, and interac-
tions, aiding in understanding their functional consequences. 
While in silico tools cannot replace experiments conducted 
in vitro or in model organisms, they can help sift through 
many variants to find a priority, e.g., identifying regions of 
RNA or protein that undergo significant structural changes 

Fig. 11   Hydrogen bonding analysis of PKD1 Variants. The H-bond-
ing plot illustrates the number of hydrogen bonds formed within the 
protein and between protein and solvent molecules for wild-type and 
mutant PKD1 over 50  ns time frame. Each plot A–I represents the 
H-bonding profile for a specific PKD1 variant (Red), with the cor-

responding wild-type (Blue). Analysis of hydrogen bonding dynam-
ics reveals how mutations in PKD1 affect the stability and interac-
tion patterns of the protein compared to the wild type, with changes 
in hydrogen bonds indicating potential alterations in protein stability, 
conformational changes and function
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due to point mutations and guide experimental investiga-
tions. Simulation studies that examine RNA or protein struc-
tures in conditions resembling biological environments will 
improve our grasp of these structures within original physi-
ological conditions.

The study revealed that the PKD1 missense variants 
caused diverse RNA structural changes. Variants like 
c.8809G > A (p.E2937K), c.11249G > C (p.R3750P) and 
c.3101A > G (p.N1034S) led to significant alterations in 
RNA secondary structure, increasing the likelihood of 
unpaired nucleotides and potentially affecting RNA stabil-
ity. These structural changes most plausibly impact RNA's 
ability to interact with proteins and other RNAs, potentially 
disrupting normal cellular processes such as splicing, trans-
lation, and localization. For example, altered accessibility 
profiles might hinder the binding of regulatory proteins or 
splice factors, leading to altered RNA processing or reduced 
translational efficiency. Targeting these variants for thera-
peutic intervention offers several potential benefits. For 
instance, small molecules or antisense oligonucleotides can 
be designed to stabilize or modify the altered RNA struc-
tures due to missense or synonymous variants in a way that 
can restore normal function. Certain compounds that specifi-
cally bind and correct the misfolded or destabilized proteins 
resulting from these variants could help maintain proper 
function of the protein progression (Solem et al. 2015; Kir-
tonia et al. 2020; Yu et al. 2020; Aguilar et al. 2022). Such 
targeted therapies at the RNA or protein level would aim to 
mitigate the pathogenic effects of the specific mutations, 
potentially slowing or halting ADPKD progression. The 
existing literature often focuses on the direct protein inter-
actions and the resulting phenotypic expressions in ADPKD. 
Our computational study provides novel insights on RNA 
and protein structural changes induced by PKD1 variants 
that could influence gene expression and protein synthesis, 
further contributing to disease heterogeneity at the pheno-
typic level. This perspective aligns with recent discussions in 
the field about the importance of RNA structures in disease 
mechanisms, as highlighted by research on riboSNitches, 
which are elements of RNA structure affected by single-
nucleotide variants that can impact gene expression and offer 
insights into disease mechanisms and personalized medicine 
(Solem et al. 2015; Kirtonia et al. 2020).

Study limitation

By computationally examining the consequences of the mis-
sense variants at the RNA and protein level, we hope to 
deepen our understanding of molecular dynamics underly-
ing ADPKD and identify new avenues for future therapeutic 
strategies targeting specific mutations. However, this study 
has several limitations as the scope of our investigation 
was limited to short snippets of RNA and specific regions/

domains of the PC1 protein containing the identified vari-
ants. Though MD simulation offers valuable insights into 
protein dynamics and structure–function relationships, it 
inherently relies on computational modeling and predic-
tions that are influenced by various factors, including the 
accuracy of force fields, simulation parameters, and initial 
protein structures, thus may not perfectly replicate biologi-
cal reality. Hence, our findings may not fully capture the 
comprehensive functional consequences of these mutations 
across the entirety of the protein; however, they certainly 
give initial close-by insights into the dynamics affected by 
the point mutations. The experimental validation of our 
computational findings through biochemical and biophysical 
assays would fully weigh up the observations and establish 
the physiological relevance of the identified variants in the 
context of ADPKD.

Conclusion

Through the systematic integration of computational meth-
odologies, encompassing structural predictions and MD sim-
ulations, this study analyzed PKD1 missense variants struc-
tural and functional consequences at the RNA and protein 
levels. The analysis of parameters such as RMSD, RMSF, 
radius of gyration, SASA, and hydrogen bonding elucidated 
the effects of these variants on PC1 protein dynamics, stabil-
ity, and interactions. The findings suggest that these variants 
may disrupt crucial domains such as the REJ domain, PKD 
domains, and cation channel domain, potentially compro-
mising protein function. Variants including c.8809G > A 
(p.E2937K), c.11249G > C (p.R3750P), c.3101A > G 
(p.N1034S), c.6928G > A (p.G2310R), and c.6644G > A 
(p.R2215Q) exhibited substantial alterations in RNA struc-
tures along with protein dynamics, suggesting prioritization 
for further functional implications as well as their poten-
tial as promising drug targets. We also observed that some 
variants may not be influencing the RNA structure greatly 
but can affect the protein structure dynamics, highlighting 
the importance of considering both RNA and protein levels 
while assessing their functional implications. The study also 
highlights the diverse impact of each missense variant on 
RNA stability, structure, and protein dynamics, potentially 
contributing to the heterogeneous clinical manifestations and 
progression as observed in ADPKD.

Translational statement

This computational study on PKD1 missense vari-
ants sheds light on the impact of these variants on RNA 
structure and protein dynamics towards understanding 
the molecular mechanisms underlying the heterogeneous 
nature of ADPKD. The findings have great implications for 
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prioritization of the genetic variants for further functional 
implications as well as their potential as promising drug tar-
gets to develop targeted therapeutic interventions aimed at 
mitigating the progression of ADPKD and likewise utility 
in other genetic disorders.
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