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ABSTRACT: RAD genes, known as double-strand break repair proteins, play a major role in maintaining the genomic integrity of a
cell by carrying out essential DNA repair functions via double-strand break repair pathways. Mutations in the RAD class of proteins
show high susceptibility to breast and ovarian cancers; however, adequate research on the mutations identified in these genes has not
been extensively reported for their deleterious effects. Changes in the folding pattern of RAD proteins play an important role in
protein−protein interactions and also functions. Missense mutations identified from four cancer databases, cBioPortal, COSMIC,
ClinVar, and gnomAD, cause aberrant conformations, which may lead to faulty DNA repair mechanisms. It is therefore necessary to
evaluate the effects of pathogenic mutations of RAD proteins and their subsequent role in breast and ovarian cancers. In this study,
we have used eight computational prediction servers to analyze pathogenic mutations and understand their effects on the protein
structure and function. A total of 5122 missense mutations were identified from four different cancer databases, of which 1165 were
predicted to be pathogenic using at least five pathogenicity prediction servers. These mutations were characterized as high-risk
mutations based on their location in the conserved domains and subsequently subjected to structural stability characterization. The
mutations included in the present study were selected from clinically relevant mutants in breast cancer pedigrees. Comparative
folding patterns and intra-atomic interaction results showed alterations in the structural behavior of RAD proteins, specifically
RAD51C triggered by mutations G125V and L138F and RAD51D triggered by mutations S207L and E233G.

1. INTRODUCTION
Breast and ovarian cancers are among the leading causes of
cancer deaths around the world. Genetic association of families
with a high risk of breast cancer has identified two major
susceptibility genes, breast cancer gene 1 (BRCA1) and breast
cancer gene 2 (BRCA2).1,2 The majority of families with
autosomal dominant inheritance of breast and ovarian cancer
risk can be explained by inherited mutations in the BRCA
genes. However, multiple studies have established that BRCA1
and BRCA2 only account for ∼20% of the total familial risk;
most families with breast cancer cannot be explained by
mutations in these genes alone, suggesting the presence of
other susceptibility genes.3 Furthermore, association of these
genes may reveal new drug targets in the genetic background,
contributing to the pathogenesis of breast cancer. Additionally,
it can lead to genetic testing to identify individuals who are at
higher risk of breast cancer. RAD50, also known as RAD50
double-strand break repair protein, RAD51, and its paralogues

RAD51C and RAD51D are of increasing interest for their
essential function in maintaining the genomic integrity. The
possible role of germline defects in these genes in inherited
breast cancer susceptibility has not been studied extensively.

The cell’s genomic integrity is maintained by the repair of
DNA damage caused by environmental and endogenous DNA-
damaging agents. One of the main factors promoting cancer is
genetic instability. Malignancy may result from genetic flaws in
the DNA damage response and repair pathways. Double-strand
break repair and homologous recombination are processes
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mediated by RAD genes.4 RAD50 and RAD51 are two RAD
genes that encode proteins with 1312 and 339 amino acids,
respectively. Similar to its bacterial counterpart, RecA,
hsRad51 catalyzes homologous recombination, which repairs
DNA double-strand breaks. Proteins from higher eukaryotes
have been found to have a 25 percent amino acid sequence
identity with RAD51. The five RAD51 paralogues RAD51B
(RAD51L1), RAD51C (RAD51L2), RAD51D (RAD51L3),
XRCC2, and XRCC3 play roles in both the early and late
stages of homologous recombination (HR) and are required
for cellular resistance to double-strand breaks. Although this
group shares around 30% amino acid sequence identity, there
are no reported functional redundancies, as shown by the
embryo lethality brought on by the disruption of three of the
five paralogues in mice.5−7

The MRN complex consists of MRE11, RAD50, and
NBS1.8,9 The MRN complex is a unique, evolutionarily
conserved protein complex that participates in both the HR
and non-homologous end-joining (NHEJ) processes. In
addition to damage repair, MRN also manages replication
stress brought on by oncogenes. The phenotypic variation of
these three genes may increase the risk of cancer, particularly
breast cancer predisposition. While functionally interacting
with other breast cancer risk genes, RAD50 takes part in
critical cellular processes for the DNA double-strand break
repair mechanism.10 The human RAD51 gene, HsRAD51, is
related to the RecA gene in Escherichia coli and is involved in
DNA repair and recombination.11 It has many biochemical
similarities to RecA, including the ability to bind to single- and
double-stranded DNA, form helical nucleoprotein filaments,
participate in DNA strand exchange, and homologous pairing.
As per the report by Kato,12 RAD51’s northern blot analysis is
comparable to that of BRCA1 and BRCA2. The three genes
showed remarkably similar patterns in tissue expression.
Additionally, because they are all a part of the same DNA
damage response mechanism, any loss in one of them is
anticipated to increase the likelihood of cancer-causing
mutations. Therefore, it is hypothesized that disruption of
the RAD51 pathways may result in cases of hereditary breast
and ovarian cancers.12

In a remarkable investigation by Meindl et al., monoallelic
germline mutations in the RAD51 paralogue RAD51C have
been associated with an elevated risk of breast and ovarian
cancers.13 The role of RAD51C as a caregiver and tumor
suppressor gene has been confirmed by numerous studies and
observations.14−17 According to biochemical and two-hybrid
studies, RAD51C presents itself in the RAD51B/RAD51C/
RAD51D/XRCC2 (BCDX2) complex and the RAD51C/
XRCC3 (CX3) complex, two distinct complexes composed of
RAD51 paralogues.18−22 The RAD51C HR malfunction may
also result in severe chromosomal rearrangements that increase
the risk of breast and ovarian cancers. A study found that
RAD51C participates in the early phases of homologous
recombination by localizing to DNA damage sites both
independently and prior to RAD51.23

RAD51D attaches to single-stranded DNA following damage
and aids in the identification of homology between the
damaged and wild-type strands during the repair process
through HR via the development of the BCDX2 complex.24

RAD51D is regarded as a moderate penetrance ovarian cancer
susceptibility gene with a lifetime risk of 10−12% when
mutated; however, its relationship with breast cancer
predisposition is frequently disputed.25 Numerous studies

have discovered that missense mutations in RAD genes
increase the risk of breast and ovarian cancers. Some of
these mutations may be neutral, whereas others may have a
deleterious effect on the activity of the RAD proteins.
Identifying mutations that may interfere with the functioning
of these proteins is crucial because the significance of RAD
proteins in breast and ovarian cancers is not fully understood.
This study aims at identifying the pathogenicity of such
missense mutations using bioinformatics-based approaches.
Recent advances in bioinformatics have aided in understanding
the fundamentals of genetic makeup, such as the functional
impact of amino acid residues on the function and structure of
the protein.26−31 These reported deleterious mutations may
have a significant impact on the protein’s function. Therefore,
it is crucial to identify the pathogenicity of mutations identified
in the RAD class of proteins.

2. MATERIALS AND METHODS
2.1. Retrieval of RAD Sequences and Mutations from

Databases. UniProt32 was used to obtain the amino acid
sequences for the human-RAD50 (ID Q92878), RAD51 (ID
Q06609), RAD51C (ID O43502), and RAD51D (ID
O75771) transcripts. The reported RAD mutations were
identified from four cancer databases, cBio cancer genomics
portal (cBioPortal),33 catalogue of somatic mutations in cancer
(COSMIC),34 ClinVar,35 and the genome aggregation data-
base (gnomAD).36 Furthermore, breast cancer family pedi-
grees for RAD50 and the RAD51 paralogues RAD51C and
RAD51D were also considered for mutation analysis.

2.2. Prediction of Deleterious Effects of Mutations
Using Prediction Servers. Five mutation prediction
programs, SIFT,37 PolyPhen-2,38 align-GVGD,39 PRO-
VEAN,40 and PANTHER,41 were used to predict the
deleterious effects of the missense mutations on the protein
function. SIFT uses sequence homology and physical proper-
ties to determine if an amino acid substitution affects protein
functions. The mutation is predicted as damaging if the
toleration index for a particular amino acid substitution is 0.05.
PROVEAN is based on the nucleotide sequence, and it
predicts the impact of mutations on the protein function. If the
prediction score is below −2.5 or above, the nsSNP is
predicted to be deleterious or neutral, respectively. PolyPhen-2
is a structural homology-based prediction program. It predicts
the effects of a given amino acid substitution based on the
protein’s structure and function. Align-GVGD, which is based
on biophysical characterization, combines protein multiple
sequence alignments (MSA) with the biophysical properties of
amino acids to accurately predict if a missense mutation is
neutral or deleterious. They are categorized into seven classes
(C0 as most likely neutral or benign, C15, C25, C35, C45,
C55, and C65 as most likely deleterious or pathogenic). Based
on the PANTHER-PSEP approach, PANTHER cSNP analyzes
the impact of a single amino acid mutation on the protein
function. The pathogenicity is categorized as either probably
damaging, possibly damaging, or benign.

2.3. Identification of Functional Domains of the RAD
Proteins. The functional characteristics of the proteins and
the sites of mutations in RAD proteins were determined using
the InterPro42 tool. Using a database of protein families,
domains, and functional sites, InterPro identifies motifs and
domains of a protein and, as a result, infer the functional
characteristics. Following submission of the protein sequence,
the server collects data for the sequences based on the
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accession ID provided by the user and explores the conserved
domains and other functionally important regions. The results
include a graphical representation of the length of the protein
and the locations of its domains, active site, motifs, and super
families.

2.4. Analysis of the Conserved Amino Acid Residues.
The ConSurf43,44 server was used to predict the structurally
and functionally important residues and positions on RAD
proteins. To determine whether an evolutionary lineage will
retain the same amino acids, the maximum likelihood strategy,
often known as the Bayesian method, was used. The method
classifies amino acids into three categories: variable (scores
between 1 and 3); average (scores between 4 and 6); and
conserved (scores between 7 and 9); residues with a score of 9
are regarded as highly conserved. Each amino acid was then
classified as functional (f), structural (s), exposed (e), or
buried (b). Therefore, the residues with evolutionary scores
between 7 and 9 were taken into account.

2.5. Protein Stability Analysis. The I-mutant 3.0 server45

is used to calculate the free energy of a protein when a
mutation is introduced. Using SVM predictions, it predicts a
protein’s stability for point mutations, and a neural network
determines the direction in which the protein’s stability shifts
after a mutation. Additionally, it forecasts how a mutation will
impact the protein’s stability. The server determines whether a
mutation increases or decreases the protein’s stability based on
the protein sequence, the substitution, and the position of the
residue. It does this by computing the value of free energy
change (ΔG) and the reliability index (RI) for each mutation.
Negative values of free energy change (ΔΔG or DDG)
indicate a decrease in protein stability, and positive values
indicate an increase in protein stability.

2.6. Analysis of the Effect of Physicochemical
Changes of Mutations on the Proteins. Project HOPE
(have (y)our protein explained)46 is used to predict how point
mutations affect our proteins’ hydrophobicity, physical and
chemical properties, function, and structure. HOPE compiles
data from several sources to produce a report on the
mutation’s impact. The HOPE server does a BLAST47 search
to perform homology modeling48 using the twinset version of
YASARA.49 It is used to compare the differences between wild-
type and mutant amino acids in terms of their sizes, charges,
hydrophobicity, and potential interactions that could be
brought on by altered residues.

2.7. Molecular Modeling of RAD Proteins. NCBI
BLASTP47 was used against the RCSB protein data bank50

structures to identify the closely related human RAD
homologues.

The comparative ab initio modeling server Robetta51 was
used to build the three-dimensional model structures of
RAD50, RAD51, RAD51C, and RAD51D, which employs the
algorithm RoseTTA. The query inputs were FASTA sequences
of each RAD protein. RoseTTA fold produced five models,
and the model with the highest level of confidence was
selected.

The models were refined using GalaxyRefine of the
GalaxyWEB server.52 The Ramachandran plot using PRO-
CHECK,53 Verify 3D54 of SAVES v6.0, and SWISS MODEL’s
scoring function tool QMEAN server55 was then used to
confirm the stereochemistry of the modeled structures.
Mutations were incorporated into the wild-type protein
structures using Pymol56 and visualized using the mutagenesis
plugin; the rotamer with the fewer steric conflicts was selected

for the mutated residue to eliminate nonspecific interactions.
Energy minimization was also carried out for the atoms within
5A of the mutant.

2.8. Molecular Dynamics Simulation. The GROMACS
2018.1 package57 was used for molecular dynamics simulations
with the AMBER SB99ILDN force field.58 The AMBER99SB-
ILDN force field was selected, as it has been reported to
provide results with greater accuracy and consistency.59 We
used pdb2gmx to convert the protein−protein complexes to
gromacs files with the -ignh option to remove the hydrogen
atoms from the protein structure. The complex was centered at
least 1.0 nm from the box’s border in the middle of a fixed-
volume cubical box filled with SPCE water molecules. Six
solvent ions were replaced with six chlorine molecules utilizing
genion to guarantee the system’s neutrality. The system was
put through energy minimization for 50,000 steps with a
maximum force of 1000.0 kJ/mol/nm to make sure that there
are no steric conflicts and improper geometry. The
equilibration process was conducted to prevent the uncon-
trolled dynamics. In phase I, NVT ensemble, temperature was
kept at 310 K with a time constant of 1 ps using a Berendsen
thermostat, and all bonds were limited with 50,000 steps.
Water molecules were constrained using the SETTLE
algorithm,60 whereas non-water bonds were constrained
using the LINCS algorithm.61 The root-mean-square deviation
(RMSD), root-mean-square fluctuation (RMSF), radius of
gyration (Rg), SASA (solvent-accessible surface area), DSSP,
and PCA (principal component analysis) data were calculated
from the trajectory files produced by the MD simulation for
wild types and respective mutants.

The GROMACS software package’s essential dynamics
(ED) was used to visualize the simulations’ overall motions.
Proteins’ linked motions are extracted through covariance
analysis, also known as principal component analysis or ED, to
understand the motions that are most essential to a protein’s
activity. g_covar and g_anaeig, two Gromacs utilities, were
applied to analyze the trajectories.

3. RESULTS
3.1. Mutational Datasets Retrieved for RAD Proteins.

The FASTA sequences obtained from Uniport for the four
proteins RAD50, RAD51, RAD51C, and RAD51D were of
1312aa, 339aa, 376aa, and 328aa, respectively. Four databases,
cBioPortal, ClinVar, COSMIC, and gnomAD, were used to
retrieve the mutational details. A total of 13,806 mutations for
all four proteins were retrieved after the elimination of the
redundant mutations across different cancer types. Next, 7127
mutations were identified in RAD50, with 1109 in RAD51,
2943 in RAD51C, and 2627 in RAD51D. In our analysis, 5122
of these mutations, 3018 in RAD50, 233 in RAD51, 1172 in
RAD51C, and 699 in RAD51D, were missense mutations.

3.2. Predicted Deleterious Missense Mutations for
the RAD Class of Proteins. To predict the functional impact
of missense variations of the RAD class retrieved from various
databases, five pathogenicity prediction servers SIFT, Poly-
Phen-2, align-GVGD, PROVEAN, and PANTHER were used.
A total of 569 mutations were predicted to be deleterious for
RAD50, with 80 for RAD51, 282 for RAD51C, and 234 for
RAD51D. Thus, a total of 1165 mutations were found to be of
damaging nature for the RAD class of proteins (RAD50,
RAD51, RAD51C, and RAD51D) as predicted by the five
prediction tools (Tables S1−S4).
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3.3. RAD Domains Identified by the InterPro Server.
Interpro was used to identify the functional domains of
RAD50, RAD51, RAD51C, and RAD51D proteins. For the
RAD50 protein, it identified ATP-binding cassette domain
comprising the Zn-Hook domain, SbcC AAA domain, and
superfamily P Loop NTPase (Figure S1). Five functional
domains, RecA-like, ATP-binding domain, RAD51 DMC1
RADA domain, AAA+ ATPase, DNA recombination, and
repair protein RAD51-like, C-terminal domain, RecA_mo-
nomer−monomer_interface domain, and P-loop_NTPase
superfamily, were identified for RAD51 (Figure S2). For
RAD51C, RecA-like, ATP-binding domain, RAD51 DMC1
RADA domain, DNA recombination and repair protein
RAD51-like, C-terminal domain, and superfamily P-loop_-
NTPase were identified (Figure S3). In RAD51D, RecA-like,
ATP-binding domain, AAA+ ATPase, DNA recombination
and repair protein RAD51-like, C-terminal domain, and P-
loop_NTPase superfamily were identified (Figure S4).

3.4. Evolutionary Conservation Analysis of Proteins.
The ConSurf server was used to determine the evolutionary
conservancy of the amino acid residues. The residues displayed
the scores ranging from 1 to 9 where 9 stands for highly
conserved sequences. The residues having evolutionary scores
in the range of 7−9 were known to be evolutionary-conserved
and included for our analysis. Out of 569 pathogenic amino
acid mutations in RAD50, 447 were predicted to be in
conserved to highly conserved regions. Out of the 80
pathogenic amino acid mutations in RAD51, 56 were predicted
to be in conserved to highly conserved regions. Similarly, for
RAD51C, out of the 282 pathogenic amino acid mutations,
209 were predicted to be in conserved to highly conserved
regions, and lastly, for RAD51D, out of the 234 pathogenic
amino acid mutations, 151 were in the conserved to highly
conserved regions (Tables S5−S8).

3.5. Mutational Effect on Protein Stability. Evolu-
tionary-conserved amino acids were further analyzed for the
decrease in protein stability. In our observation, 384 out of the
447 mutations showed a decrease in stability in the RAD50
protein; 44 out of the 56 mutations showed a decrease in
protein stability in RAD51; 182 out of the 209 mutations
showed a decrease in stability in the RAD51C protein; and 122
out of the 151 mutations showed a decrease in the protein
stability in RAD51D compared to their respective wild types.
The rest of the amino acid mutations showed a rather
increased structural stability compared to that of their wild
types. Only those mutations that showed decreased stability
compared to their wild types were considered for further
evaluation (Tables S9−S12).

3.6. Retrieved Familial Pedigrees. To analyze a rather
more refined set of mutants, we further correlated the findings
from ConSurf, I-mutant, and selected variants identified in
breast cancer pedigrees for RAD50 and the RAD51 paralogues
RAD51C and RAD51D. We selected three mutants of RAD50,
six mutants of RAD51C, and four mutants of the RAD51D
protein that were predicted to be pathogenic and located in

highly conserved regions. However, no RAD51 missense
mutations associated with familial breast cancer were found in
the pedigrees. Hence, we selected D515G,62 A1216G,63 and
R193W64 for RAD50; C135Y, L138F, L219S,65 G125V,
D159N,13 and G153D,66 for RAD51C; and Q115H,67

S207L,68 V28M,69 and E233G70 for RAD51D from the
available repository to correlate with clinical outcomes
(Figures S5−S13). Furthermore, based on the availability of
RAD structures and relevance of the mutants in populations
(Table S13), G125V and L138F for RAD51C and S207L and
E233G for RAD51D were selected for further analysis of
changes in their physicochemical nature. Tabular depiction of
these selected mutants with their predicted pathogenicity,
conservation and stability is shown in Table 1.

3.7. Analysis of Mutation-Driven Physicochemical
Changes. Project HOPE was used to evaluate the differences
in terms of specific size, charge, hydrophobicity value, and
probable interactions that might be induced by mutated
residues. It was observed that G125V, S207L, and E233G have
increased hydrophobicity compared to that of their wild type
counterparts. Again, the mutant E233G was predicted to be
smaller in size compared to its wild type counterpart, whereas
the rest of the mutants were predicted to be bigger. Table 2
shows the effects of mutations on the physicochemical
properties of RAD proteins.

3.8. Modeled Wild Type and Mutants of RAD
Proteins. Since no crystal or solution structures for RAD50,
RAD51C, and RAD51D in full length were available and
noting the Alphafold models with poor stereochemical
assessment, we decided to work on de novo modeling using
the Robetta server. Amino acid sequences were submitted to
the Robetta server; the RoseTTA fold algorithm generated five
models each for RAD51C and RAD51D. Based on the high
model confidence value, the best models were further validated
for the next set of analysis (Figures 1A and 2A). For RAD51C,
the Ramachandran plot statistics of the wild-type protein
obtained from the PROCHECK package on SAVES v6.0
showed 94.7% residues at the favored regions, 4.7% allowed
region, 0.3% generously allowed region, and 0.9% disallowed
region, while RAD51D showed 94.4% residues at the favored
regions, 4.5% allowed region, 0.7% generously allowed region,
and 0.3% disallowed region (Figures 1B and 2B). With 86.44
and 88.41% of the amino acid residues, respectively, having
scored ≥ 0.2 3D/1D profile, both RAD51C and RAD51D
structures passed Verify 3D. The model quality estimates were
also analyzed using the QMEAN program integrated into the
SWISS model workspace. With a Z-score of 0.04 and 0.18
again, both models were clearly within the expected quality
range of <1 corresponding to good-quality structures.

Having achieved good-quality models, mutations were
incorporated into the modeled structures of RAD51C and
RAD51D using the mutagenesis plugin with Pymol choosing
rotamers with the fewest steric clashes. Molecular dynamics
simulations were then carried out on modeled G125V, L138F,
S207L, and E233G mutants and their respective wild types.

Table 1. RAD51C and RAD51D Mutations with Their Predicted Pathogenicity, Conservation, and Stability

mutant PROVEAN PolyPhen-2 SIFT align GVGD PANTHER CONSURF I-mutant

G125V damaging probably damaging damaging class C65 probably damaging highly conserved decrease
L138F damaging damaging damaging class C55 possibly damaging conserved decrease
S207L damaging probably damaging tolerated class C65 probably damaging highly conserved decrease
E233G damaging probably damaging damaging class C65 possibly damaging conserved decrease
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3.8.1. Wild-Type RAD51C and G125V and L138F Mutants.
MD simulations of 200 ns were performed to understand the
differences between the dynamic behavior of wild-type
RAD51C and the mutants G125V and L138F. The RMSD
backbone plots of the wild type and its mutants were produced
to analyze the convergence of MD trajectories. The RMSD
plot clearly shows that both native and mutant proteins
converged to a stable trajectory after 150 ns when the wild type
was stabilized from 100 ns onward (Figure 3A). The wild type
exhibited the highest RMSD value of 1.34 nm at the end of the
simulation followed by the mutant L138F (1.33 nm) and
G125V (0.56 nm) with varying fluctuations throughout the
simulation period. Noticeably, L138F showed a higher RMSD
value of ∼1.38 nm at 176 ns when compared to that of G125V
at 0.97 nm at 41 ns but lower RMSD compared to that of the
wild type at 1.48 nm at 111 ns. This graph elucidated that
although the mutant L138F exhibited lower stability compared
to that of the mutant G125V, the wild type had a greater
RMSD value. We examined the RMSF plot, which gives a
general overview of the protein’s flexible area, to further
validate the RMSD results.

To understand the effect of mutation on the dynamic
behavior of protein residues, RMSF values of the wild type and
the mutants were calculated. it was seen that the wild type
exhibited the highest fluctuating pattern among the three,
displaying fluctuations at 44, 48, 88, and 250 residue positions
(Figure 3B). Following the wild type, the mutant L138F
displayed fluctuations at 21, 54, and 353 residue positions.
G125V showed lesser fluctuation patterns compared to those
of the L138F mutant and the wild type. Additionally, for our
residue at position 125, the wild type showed yet again higher
flexibility than that of the mutant residue. Comparative
residual RMSF values suggested that the wild type was
comparatively more flexible, showing higher RMSF values
across all regions during the simulation. As a result of the
mutant’s reduced flexibility, it has a more compact structure
than that of the wild type, supporting the findings of the
RMSD investigation and the HOPE analysis.

The radius of gyration explains the arrangement of the
atoms around the central axis; thus, the more compact
structures show lesser radii, and less compact structures have
higher radii values. The wild-type value of Rg kept fluctuating
for the first 100,000 steps, after which the Rg value was almost
constant until the end of the simulation time period. The wild
type can be seen unfolding around 75 ns and then refolding
around 100 ns compared to the mutant, which unfolded
initially but maintained a steady compactness till the end of the
time period. As seen from the results obtained, the plot
exhibited that the wild type and G125V had similar patterns of
compactness throughout the simulation (Figure 3C). For
L138F, the Rg change was more significant, and the protein
folded extensively at 112 ns before abruptly unfolding. The Rg
profile clearly explained that the L138F mutant was more
dynamic and less compact than the wild type.

SASA calculates the solvent-accessible surface area of the
protein and the buried surface area, that is, the surface area that
is not accessible to the solvent. For the first 100 ns of
simulation, the SASA value of the wild type was seen to be
higher compared to that of the mutants. The values peaked at
around 150 ns for the mutant L138F and then gradually came
to a constant level for all the three proteins toward the end of
the simulation. The wild type was shown to have a slightly
higher overall SASA value than that of the mutant L138F,T
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followed by G125V, indicating that the wild type destabilized
the hydrophobic core (Figure 3D). As a result, residues of the
wild type interacted with the solvent more frequently than
those of the mutants.

To comprehend the changes in the protein’s secondary
structures during the simulation period, DSSP analysis was
performed. A number of coils, turns, and bends in the native
and mutated proteins were observed. The mutation L138F was
seen to cause a relative decrease in the number of turns in the
protein than the mutation G125V (Figure 3F,G). The turns
contribute significantly to secondary structures and also add to
the protein’s stability. This loss of turn may suggest that the
L138F mutation would cause a decrease in stability compared
to that of the wild type and the G125V mutation.71

Principal component analysis (PCA) was used to fully
understand the global or collective motions of the wild type
and the mutants G125V and L138F. The projection of
trajectories obtained onto the first two principal components
indicated the motions. The graphs were plotted with
eigenvector 1 on the x-axis and eigenvector 2 on the y-axis,
which revealed that the collective motions of the atoms in the
wild type and L138F were similar and higher compared to
those of G125V (Figure 3H). RAD51C and L138F occupied a
larger region of phase space, especially along the first principal
component (PC1).

3.8.2. RAD51D Wild Type with S207L and E233G Mutants.
The backbone RMSD values of the wild type and mutants
fluctuated within 0.28−0.66 nm throughout the simulation
period, whereas the wild type stabilized from 50 to 150 ns

Figure 1. (A) Structure of RAD51C as modeled by Robetta and (B) Ramachandran plot statistics.

Figure 2. (A) Structure of RAD51D as modeled by Robetta and (B) Ramachandran plot statistics.
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within 0.5 nm (Figure 4A). The wild type exhibited the highest
RMSD value of 0.57 nm at the end of the simulation followed
by the mutants E233G (0.55 nm at 200 ns) and S207L (0.42
nm at 200 ns) with varying fluctuations throughout the
simulation period. When compared to S207L, which had an
RMSD of 0.57 nm at 66 ns, E233G had a higher RMSD value
of 0.64 nm at 101 ns but a lower RMSD of 0.66 nm at 195 ns
than that of the wild type. Additionally, RMSD values for
E233G first decreased from 12 to 80 ns and then sharply
climbed to 0.64 nm at 101 ns. Average RMSD values of native,
S207L, and E233G mutants are 0.2−0.6, 0.24−0.5, and 0.25−
0.65 nm, respectively. Although this graph showed that the
mutant E233G displayed a lower stability than that of the

mutant S207L, the wild type had a higher RMSD value and
was therefore more unstable.

The wild type and the mutant RMSF values fall between
0.07 and 1.16, 0.07 and 0.58, and 0.0 and 1.54 nm,
respectively. During the simulated time period, similar
variations were seen between the wild type and S207, while
E233G showed the most significant number of fluctuations
among the three, indicating comparatively higher flexibility in
its residues. The wild type showed less variations compared to
E233G at residue positions 76, 91, 193, and 328. The mutant
E233G structure had comparatively more flexibility than that
of the wild type and the mutant S207L, supporting the findings
of the RMSD investigation.

Figure 3. Structural stability, flexibility, and dynamics analysis of the RAD51C wild type (WT) and mutants G125V and L138F. (A) Backbone
RMSD of the WT, G125V, and L138F, (B) RMSF of the WT, G125V, and L138F, (C) radius of gyration (Rg) of WT, G125V, and L138F, (D)
solvent-accessible surface area (SASA) of the WT, G125V, and L138F, (E−G) secondary structure analysis of the WT, G125V, and L138F, and
(H) principal component analysis for the comparative eigenvector projection profile of the WT, G125V, and L138F.

Figure 4. Structural stability, flexibility, and dynamic analysis of the RAD51C wild type (WT) and mutants S207L and E233G. (A) Backbone
RMSD of the WT, S207L, and E233G, (B) RMSF of the WT, S207L, and E233G, (C) radius of gyration (Rg) of the WT, S207L, and E233G, (D)
solvent-accessible surface area (SASA) of the WT, S207L, and E233G, (E−G) secondary structure analysis of the WT, S207L, and E233G, and (H)
principal component analysis for the comparative eigenvector projection profile of the WT, S207L, and E23.
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The wild type’s Rg range is between 2.08 and 2.22 nm, while
the Rg range for S207L and E233G is between 2.08 and 2.25
and 2.07 and 2.2 nm, respectively. With a modest increase in
the first 25,000 steps, the Rg value for the S207L mutant is
comparable to that of the wild type. Folding and unfolding are
similar for native and mutant S207L. On the contrary,
significant changes in Rg were observed for the E233G mutant,
which exhibited an unfolding pattern during 25−95 ns,
followed by a steady dip at ∼100 ns, showing refolding of
the protein and then maintaining a steady compactness along
with the wild type and the S207L mutant (Figure 4C).

The SASA of the native and the two mutants S207L and
E233G ranged from 158 to 188.2, 150 to 184, and 155 to 185
nm2, respectively. The wild type was more exposed to the
solvent, as evidenced by the fact that the wild type had a
slightly higher SASA value than that of the mutant E233G,
followed by that of S207L (Figure 4D). The SASA for the
mutant E233G initially decreased during the initial 45 ns,
fluctuating for about 100 ns, after which it converged with that
of the mutant S207L until the end of the simulation. The
mutants’ decreased SASA values imply that a relatively lesser
number of residues of the mutants interacted with the solvent
compared to the wild type.

From the secondary structure analysis, it was observed that
the mutant E233G exhibited a considerable decrease in coils
and bends, forming residues compared to the wild type (Figure
4E,G). This loss may suggest that the mutations, particularly
E233G, would cause a significant change to the secondary
structural elements of the wild type, thus affecting the overall
stability of the protein.72

The graphs were plotted with eigenvector 1 on the x-axis
and eigenvector 2 on the y-axis. The plot depicted that the
collective motions of the atoms in the wild type and E233G
were similar and higher compared to those of S207L, along
eigenvector 1 and eigenvector 2 projections in the subspace
(Figure 4H). It was evident from the results that more
dynamics were observed in the wild type and the mutant
E233G.

RAD51D’s ATPase domain contains the conserved ATP
binding Walker A and B motifs, which are essential for its role
in HR. These motifs are thought to be involved in the binding
of RAD51C and XRCC2, respectively. In a study by Rivera et
al., the variant S207L was further shown to be located in the
Walker B motif, hence impairing DSB repair by HR.68

Rodrguez’s model revealed that changing to glycine in the
233 position could affect the Rad51D structure in two ways,
whereas the glutamic acid in the 233 conserved position is
located in the middle of helix F, and its replacement to glycine
reduces the structural stability. Second, glutamic acid-233 may
form an electrostatic interaction with arginine-186, mimicking
the semiburied salt bridge found between aspartic acid-130 and
lysine-177 in the RecA structure. Substituting glycine for
glutamic acid-233 eliminates the salt bridge, which is conserved
across the phylogenetic scale in RecA, and may reduce protein
stability and affect the Rad51D structure.70

4. DISCUSSION
The RAD class of proteins is crucial for preservation of
genomic integrity; therefore, we examined the significance of
RAD mutations in hereditary susceptibility to breast cancer.
The execution of the functions of RAD proteins critically
depends on changes in their structural conformation during
biomolecular interactions. Thus, evaluating the molecular

cause and effect of these mutations can provide insights into
the many forms of cancers and their therapeutic approaches.
Here, we used computational studies to analyze the most
detrimental missense mutations and their effects on the
structural and functional properties of the RAD class of
proteins.

The functional analysis of large dataset mutations may offer
a critical clue for diagnosis and treatment due to the growing
recognition of RAD genes in breast, ovarian, and other related
cancers. Therefore, a combination of sequence- and structure-
based techniques was utilized for the profiling of highly
functional mutations in coding regions to look into potential
associations between genetic mutation and phenotypic
changes. The main goal of the proposed computational
investigation was to identify the single amino acid substitution
using the functional consequences of mutations in RAD
proteins. To increase the level of confidence in this study, we
used five in silico SNP prediction tools, SIFT, PolyPhen-2,
PROVEAN, align-GVGD, and PANTHER, to screen a total of
5122 nonredundant missense mutations for RAD50, RAD51,
RAD51C, and RAD51D from 13,806 mutations retrieved from
cBioPortal, COSMIC, ClinVar, and gnomAD databases. The
mutations showing deleterious effects from at least four tools
were selected, which resulted in the identification of 1165
pathogenic missense mutations. These in silico-based
prediction tools are published in widely accepted journals.73−80

It is also crucial to ascertain how our mutations affect the
overall structure of RAD proteins. Using the ConSurf web
server and I-mutant tool, we selected those deleterious
mutations that were located in the conserved regions and
affecting the overall protein stability.

RAD proteins have recently been grouped as intermediate
penetrance genes for hereditary breast cancer susceptibility.
Therefore, to correlate our findings, the reported family
pedigrees were used to correlate the pathogenesis of RAD
mutations and the associated phenotypic traits. Point
mutations are known to cause differences in the physicochem-
ical and molecular characteristics of the respective wild type.
The HOPE server predicted the mutations G125V and L138F
for RAD51C and the mutations S207L and E233G for
RAD51D exhibiting overall alterations in protein physico-
chemical properties.

Since no template structures for our proteins were available
and the Alphafold models were of poor stereochemical
assessment, molecular modeling of wild-type structures for
RAD51C and RAD51D was performed using Phyre2, the
SWISS homology modeling tool, and the RoseTTA fold de
novo algorithm of the Robetta server using both homology and
de novo modeling. PROCHECK, QMEANS, and VERIFY-3D
servers were used to predict the stereochemical geometry. To
explore the effects of the mutations on RAD structures, the
identified amino acid substitutions G125V, L138F, S207L, and
E233G were mutated into the modeled protein structures
using Pymol’s mutagenesis plugin.

The dynamic behavior of the wild-type and mutant models
was analyzed and evaluated through MD simulation.
Fluctuations of RAD51D and its mutants S207L and E233G
were observed during the 200 ns simulation period at 310 K.
The wild type displayed the highest RMSD values, followed by
the mutant E233G, indicating more conformational changes in
the wild type than in the mutants. The residue-based root-
mean-square fluctuation of the backbone exhibited a more
flexible E233G mutant. The radius of gyration was calculated
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to assess the degree of compactness and folding patterns
between the RAD51D and mutant structures along the three
Cartesian axes. While the mutant S207L and wild type
displayed similar folding and unfolding patterns throughout
the simulation time, the mutant E233G showed a significant
increase in Rg, which in turn suggested a loss in compactness.
The PCA analysis showed that the wild type and E233G cover
more area in the two vectors’ projections compared to that of
the mutant S207L, while the SASA plot indicated that the wild
type is more exposed to the solvent than the mutants.
Additionally, to comprehend the changes in the protein’s
secondary structures during the simulation period, DSSP
analysis was performed, which showed that the mutation
E233G causes a significant decrease in the coil and bend
formation, thus affecting the stability of the protein. This
finding was supported by the clinical study by Rodriguez et al.,
where the substitution of glycine for glutamic acid at position
233 was suggested to have an adverse effect on the stability of
the RAD51D structure. Glu at 233 position established an
electrostatic contact with Arg186 and simulates the semiburied
salt bridge between Asp130 and Lys177 observed at locations
in the RecA structure. The conserved salt bridge is destabilized
when Glu233 is replaced with glycine, thus reducing the
stability of the RAD51D structure.70 It is observed that the
RAD51D variant S207L is the pathogenic missense, which is
conserved across different species in the ATPase domain,
which is known to impede DSB repair by HR.66

For RAD51C, we compared the wild type to the two
mutants G125V and L138F. The mutants significantly differed
in structural conformation from the wild type; however, the
wild type appeared to be less stable than the mutants based on
its higher RMSD. L138F was more flexible than G125V but
less flexible than the wild type. The Rg profile provided
additional evidence that the L138F mutant was less compact
and more dynamic than the wild type. The SASA plot,
however, indicated that compared to the two mutants, the wild
type interacted with the solvent more frequently. Areas were
covered by both the wild type and the mutant L138F in the
two vector projections, indicating that they were more flexible
than S207L. The same was evident from the DSSP analysis,
which demonstrated that the mutation L138F causes loss of
secondary structure turns. The L138F variant has been shown
to be functionally impaired in DNA repair-related assays by
Meindl et al. and categorized as likely pathogenic in different
familial breast cancer studies. Additionally, G125V and L138F
were both predicted to impair the function of the RAD51C
protein.13,81 It has also been observed that changing a protein’s
flexibility or SASA can result in abnormal protein folding and
aggregation and a loss of thermodynamic stability.82 The vast
majority of disease-causing mutations, as per the study
reported by Steward et al.83 and Ye, Li et al.,84 are located
in solvent-accessible locations; therefore, it is worth studying
these mutations, which could help understand a disease’s
progression.83,84 It has been reported that RAD51C’s HR
mechanism can result in gross chromosomal rearrangements.
RAD51C-mutated chicken DT40 and hamster cells have
shown spontaneous chromosomal aberrations similar to BRCA
genes. The mutated variants G125V and L138F were unable to
reverse the hypersensitivity of RAD51C chicken DT40 cells to
MMC, and hence, the expression of these missense mutants
did not restore normal RAD51 focus formation in RAD51C
mutant fibroblasts, indicating that these RAD51C missense
mutants have an obvious HR defect.13

Time-dependent dynamics and simulation of protein
molecules provide precise insights into fluctuations and
changes in the protein trajectory. Molecular dynamics is
rapidly being used to study the structure, dynamics, and
thermodynamics of proteins, nucleic acids, and their
complexes. One significant drawback of this study is the
dearth of neutral- or low-score mutations accessible for
investigation. SNPs interact with consensus sequences to
alter RNA processing in addition to modifying the amino acids.
In general, it is reasonable to draw the conclusion that in silico
approaches continue to be a reliable tool to quickly analyze the
anticipated effects of mutations. However, prediction will be
more accurate when the in silico results are validated by in
vitro and in vivo experimentations. Given the significant
number of missense mutations in RAD genes, association
studies on genetic variants with functional importance should
be conducted.

5. CONCLUSIONS
We observed that the selected mutations, namely, G125V and
L138F of RAD51C and S207L and E233G of RAD51D, had
brought about an overall change in the protein structure,
leading to changes in stability compared to that of their wild-
type counterparts. Majority of deleterious mutations alter the
size, charge, hydrogen bonds, and other properties of amino
acids along with changes in a protein’s flexibility, leading to
faulty protein folding and loss of thermodynamic stability. The
multimodel computational predictions reported here evaluated
the possibility of using in silico tools in predicting the
functional SNPs. Although there are certain limitations, results
from experimental research can be correlated to those of MD
simulation analysis to classify the pathogenicity of mutations.
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the identified RAD51D S207L variant in an ovarian
cancer family; family pedigree with the identified
RAD51D V28M variant in an ovarian cancer family;
mutations on the RAD50 protein predicted as
pathogenic by the prediction servers; mutations on the
RAD51 protein predicted as pathogenic by the
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prediction servers; mutations on the RAD51C protein
predicted as pathogenic by the prediction servers;
mutations on the RAD51D protein predicted as
pathogenic by the prediction servers; evolutionary
conservation of the conserved residues of the RAD50
protein as predicted by the ConSurf server; evolutionary
conservation of the conserved residues of the RAD51
protein as predicted by the ConSurf server; evolutionary
conservation of the conserved residues of the RAD51C
protein as predicted by the ConSurf server; evolutionary
conservation of the conserved residues of the RAD51D
protein as predicted by the ConSurf server; effect on the
stability of the RAD50 protein as predicted by the I-
Mutant 3.0 server; effect on the stability of the RAD51
protein as predicted by the I-Mutant 3.0 server; effect on
the stability of the RAD51C protein as predicted by the
I-Mutant 3.0 server; effect on the stability of the
RAD51D protein as predicted by the I-Mutant 3.0
server; and RAD51C and RAD51D mutations reported
in populations (PDF)
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