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Communicated by Ramaswamy H. Sarma.

ABSTRACT
The levels of reactive oxygen species (ROS) are tightly controlled and regulated by Nuclear Factor
Erythroid-2-Like 2 (Nrf2) transcription factor, which is the main regulator of antioxidant responses and
its suppressor protein Kelch-like ECH-associated protein 1 (Keap1). Our previous study has identified
six novel changes in Nrf2/Keap1 pathway in pediatric ALL, which were described for the first time.
These changes in the pathway are likely to alter the evolutionary process of amino acids and cause
structural changes in the final products of genes. In this study, we aimed to compare the pathogen-
icity of eight determined mutations reported in our previous study by utilizing different programs
with different algorithms and molecular dynamics simulation. Since it is too difficult to handle each
existing mutation in a wet laboratory, in silico methods may give suggestion to choose the important
mutations for further analysis and to establish the appropriate patient population and conduct wet
laboratory studies. For this purpose, four different algorithms were used to evaluate the effects of sin-
gle amino acid mutation. In addition, root-mean-square deviation, root-mean-square fluctuation and
free-energy landscape analyses were performed to observe stability, flexibility and energetically favor-
able conformations, respectively, for each amino acid mutation. As a result, our study emphasizes the
importance of Keap1 mutations in pediatric ALL Nrf2/Keap1 pathway, a total of eight mutations, two
of which were shown for the first time in our study. Especially the mutations in the Keap1 Broad-
Complex, Tramtrack and Bric-�a-brac domain are worthy of attention.
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Introduction

ALL is a malignant transformation of lymphoid precursor
cells within the bone marrow and has poor prognosis after
relapse (Carroll & Raetz, 2012; Mullighan, 2014; Mullighan &
Downing, 2009; Pui & Evans, 1998; Zhang et al., 2019).
Oxidative stress has been associated with many types of can-
cer including ALL and found to be important for disease pro-
gression (Abdul-Aziz et al., 2015; Kerins & Ooi, 2018;
Leinonen et al., 2015). Nuclear Factor Erythroid-2-Like 2
(Nrf2)/Kelch-like ECH-associated protein 1 (Keap1) pathway
has an important role in the regulation of oxidative stress
and displays abnormally high genomic and transcriptomic
alterations in most cancers (Baird & Dinkova-Kostova, 2011;
Kansanen et al., 2013; Kaspar et al., 2009). Although oxidative
stress-related pathway mutations are not driver mutations, it
would not be right to leave them out of pediatric ALL assess-
ment due to stated reasons (i) among leukemia groups, as
pediatric therapy regimens are more aggressive and continu-
ous. Children undergoing treatment for ALL receive multi-
agent chemotherapy drugs like cytosine arabinoside, doxo-
rubicin, cyclophosphamide and methotrexate that cause the

production of free radicals. In view of remarkably higher
reactive oxygen species (ROS) levels in pediatric ALL, (ii)
increased levels of mutation in cells is correlated with patho-
logically increased ROS levels (iii) and increased genomic
instability; double-stranded DNA fractures are correlated with
ROS accumulation; (iv) point mutations can cause transloca-
tions in leukemic cells and disrupted cellular redox compen-
sation mechanism (Chu et al., 2018; Kansanen et al., 2013;
Kim & Keum, 2016; Suzuki & Yamamoto, 2015; Zhang, 2010).
Our previous study aimed to find out the mutations in this
pathway in pediatric ALL patients for the first time.

As cytogenetic alterations and molecular abnormalities
are frequent changes seen in ALL, there have been several
molecular markers to predict prognosis and classify risk. Also,
there have been a few identified genetic alterations with
clinical significance and different mutation distribution
(Wang et al., 2016; Zhang et al., 2019). However, the effect of
this different mutation/single nucleotide polymorphism (SNP)
distribution on protein structure as a result of DNA-based
analyses have not been investigated in detail by in silico
methods; thereby, its effect on the possible pathogenesis of
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the predicted disease and its possible characteristics to be
used in the diagnosis have not been reflected in the clinic.
Considering our previous data and especially the six novel
changes, the current study was designed to investigate the
effect of identified mutations on the proteins of Keap1
assemblance and Nrf2 peptide.

Patients and methods

Patients and mutations screening

Thirty-pediatric ALL patients have been tested. All patient
information, demographic-clinical information, method steps
and study results, is detailed in our previous study. In order
to identify mutations in the Nrf2/Keap1/Nuclear factor
kappa-B1(NF-kb1)/phosphotyrosine-independent ligand for
the Lck SH2 domain of 62 KDa (p62) pathway, the coded
regions of the relevant genes have been extensively
screened by DNA sequence analysis in 30 children diagnosed
with pediatric ALL (Akın-Balı et al., 2020).

In silico analysis of the Nrf2/Keap1 pathway mutations

Mutation analysis
Polymorphism Phenotyping v2 (PolyPhen-2), screening for
non-acceptable polymorphisms (SNAP), Cancer-specific High-
throughput Annotation of Somatic Mutations (CHASM) and
Variant Effect Scoring Tool (VEST) automatic tools were per-
formed to predict the possible impact of amino acid substi-
tutions on the structure and function of a human protein
using structural and comparative evolutionary considerations.

PolyPhen-2 calculates the functional description of SNPs,
maps coding SNPs to gene transcripts, extracts protein
sequence annotations and structural characteristics and con-
structs conservation profiles. The program is the most prom-
inent tool based on both sequence and structural
information. It estimates the probability of the missense
mutation being damaging based on a combination of all
these features and provides both a qualitative prediction
(probably damaging, possibly damaging, benign or
unknown) with a score (Adzhubei et al., 2010, 2013; Walters-
Sen et al., 2015).

SNAP is a trained classifier that is based on a machine
learning device called ‘neural network’. It distinguishes
between effect and neutral variants/non-synonymous SNPs
by taking a variety of sequence and variant features into
account. SNAP comprises evolutionary constraints, structural
features and protein annotation information. The most
important single feature for SNAP prediction is conservation
in a family of related proteins as reflected by Position-
Specific Independent Counts scores. However, the installation
of this automatic tool is quite complex (Bromberg &
Rost, 2007).

CHASM differentiate from PolyPhen-2 and SNAP being the
cancer specific tool. The program is trained on cancer muta-
tions from The Catalogue of Somatic Mutations in Cancer
(COSMIC) and other cancer-related resources. It relies on
training sets, structure, conservation and annotation. It uses

49 predictive features ranging from exon conservation to
UniProt annotation and frequency of missense change type
in COSMIC (Carter et al., 2009; Tate et al., 2019; Wong
et al., 2011).

In addition, the last program we used is VEST. It is a
machine learning method that predicts the functional signifi-
cance of missense mutations based on the probability that
they are pathogenic (Carter et al., 2013; Douville et al., 2016).

Evolutionary conservation analyzes of the detected
mutant amino acids were evaluated among different species
(Homo sapiens to Xenopus tropicalis).

Molecular dynamic analysis
Molecular dynamic (MD) simulation is a method of choice
that has been applied widely in exploring mechanisms of
conformational changes in protein mechanisms caused by
mutations. MD simulation studies are widely applied to
explain mechanisms and functions due to mutations. In
in vivo experimental research, the mutations were deter-
mined; therefore, the MD simulation was used the behaviors
to explain the effect of single mutations on dynamical
behavior of keap1 proteins at atomic levels (Ganesan &
Ramalingam, 2019; Liu & Yao, 2010), which have been con-
sidered difficult by experimental procedures (Khan
et al., 2019).

MD simulation has a vital role in the investigation of
structural and thermodynamical stability of single mutations
within Keap1 proteins and Nrf2 peptides (Kumar, Gupta,
et al., 2019). It provides the conformational changes with the
time scale, from where we can find that the wild type (WT)
or mutated protein is stable or not (Shukla et al., 2019). In
this study, MD simulations were executed for selected targets
in both WT and single mutated proteins. MD simulation was
performed using GROMACS 2018.1 package (Abraham et al.,
2015), with Charmm 27 force field for all atoms (Bjelkmar
et al., 2010). All systems were solvated with three-point
transferable intermolecular potential, and their charges were
neutralized by adding Na or Cl ions. The next step, energy
minimization, was proceeded by the steepest descent algo-
rithm at a tolerance value of 1000 kJ/mol nm, then followed
by equilibration with position restraint on the protein mole-
cules for 0.1 ns using constant number, volume and tempera-
ture and constant number, pressure and temperature
ensembles. Particle Mesh Ewald summation was employed to
assess all the electrostatic interaction. After all the optimiza-
tions, the simulation was performed without any restraint on
the protein molecules or ligand for 10 ns to determine the
stability. Finally, MD simulation was performed at a timescale
of 10 ns and in 5,000,000 steps (time step of 0.000002 ns).
Then, the trajectories were analyzed using gmx rms to esti-
mate the root-mean-square deviation (RMSD) and gmx rmsf
to determine the root mean square fluctuation of residues
(RMSF). In addition, the free-energy landscape (FEL;
Frauenfelder et al., 1991) was obtained using gmx sham tool,
which is based on the values of principal component analysis
(Amadei et al., 1996) from running gmx anaeig and gmx
covar tools.
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Results

Results of mutation analysis

The variants identified in the study and their descriptive fea-
tures are given in detail in Table 1. In our previous study
where we received our experimental data, mutation detec-
tion from DNA samples of 30 pediatric ALL patients was per-
formed with the Sanger DNA sequence analysis system. As a
result of mutation analysis in four genes on the Nrf2/Keap1/
NF-Kb1/p62 signaling pathway, 17 changes (12 nucleotide
changes, 2 deletion mutations and 3 insertions) were
detected. Eleven of these changes have been previously reg-
istered in the Human Gene Mutation Database e-database,
and six have been identified for the first time in our previous
study (Akın-Balı et al., 2020). Table 1 summarized character-
ization of detected mutations in pediatric ALL patients.
Schematic representation of domain architecture of the pro-
teins and all mutations found in pediatric ALL are shown in
Figure 1.

Bric-�a-brac (BTB) domain of Keap1 promotes Nrf2 ubiquiti-
nation and subsequent proteasomal degradation and creates
a binding site for Cullin 3 (Cul3)-E3-dependent ubiquitin lig-
ase complex, which suppresses Nrf2 (Mitsuishi et al., 2012;
Shibata et al., 2008). In our previous study where the data of
this article was provided, two missense (p.E121K and
p.A159T) three silent (p.S144S, p.S146S, p.G158G) mutations
were detected on this domain (Akın-Balı et al., 2020).

Changes detected in the Keap1 gene are above the inter-
vening region (IVR) and BTB domains that are functional for
the protein of the gene. The p.N222T missense mutation was
detected on the Keap1 IVR domain, and there is a conserved
nuclear export signal sequence on this domain, which is
important for the localization of Keap1 in the cytoplasm.

Using the ‘Multiple sequence alignment’ option in the
PolyPhen-2 e-database, amino acid sequences affected by
the detected mutations were compared between 13 different
species. As a result, it was determined that Keap1 p.E121K,
p.A159T, p.N222T and p.R565M missense mutations changed
amino acids in the critical point that have been preserved
between species, from H. sapiens to Xenopus laevis.
According to the results of PolyPhen-2, because the patho-
genic scores of p.E121K and p.A159T missense mutations in
the Keap1 domain are near 1, the mutations were deter-
mined as probably pathogenic (Figure 2).

In addition, although p.E121K, p.A159T and p.R565M
mutations had been registered to COSMIC database before,
the p.N222T missense mutation that we reported in our pre-
vious study was identified for the first time. Neh2 domain, is
the regulator domain, contains seven lysine residues respon-
sible for arranging to help the two binding areas (ETGE and
DLG motifs) for the stability of Nrf2 besides its role in ubiqui-
tin conjugation. p.L30L change, which was detected in Nrf2
gene, is on the domain of Keap1 binding domain: ETGE-
Neh2. According to the prediction analysis on SNAP software,
p.E121K, p.A159T and p.N222T missense mutations and
p.S144S, p.S146S and p.G158G silence mutations were
detected as neutral, and p.R565M missense mutation was
detected as affected for protein in Keap1 (Figure 3).Ta
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Results of MD simulation

MD simulation represents a groundbreaking method to
investigate the dynamic behavior of proteins and the effect
of mutations on the behavior of understudied proteins. The
10-ns time scale of MD simulations was running for BTB
domain and its mutants (E121K, S144S, S146S, G158G and
A159T), IVR domain with its mutant (N222T) and DGR
domain in addition to the Neh2 domain with its mutant.
Throughout the study, two different parameters as RMSD

and RMSF will be used to analyze the MD simulation
trajectories.

Figure 4 was shown that Ribbon and surface images of
the structure of Nrf2/Keap1 complex.

Structural stability of systems

The RMSD has emerged as a powerful tool in the investi-
gation of deviation caused by single mutation on general

Figure 1. Schematic representation of domain architecture of the Keap1 (A) and Nrf2 (B) proteins and mutations found in pediatric ALL.

Figure 2. Keap1 Pathogenic mutations associated variations predicted by predicted by Poly-phen software.
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behavior of native configuration. The RMSD of protein
backbone atoms of BTB domain of Keap1 besides its
mutants were measured to determine the converging of
MD trajectories files between the WT models, and their
mutants were calculated using crystal structure as refer-
ence and protein backbone atoms for least fitting (Figure
5). All the RMSD values for WT and determined mutation
of BTB domain (Figure 5(A)) were calculated using crystal
structure as reference and protein backbone atoms for

least fitting. The mean values of RMSD of the WT, E121K,
S144S, S146S, G158G and A159T models were 0.44, 0.36,
0.32, 0.35, 0.39 and 0.36 nm, respectively (Figure 5(A)).
This result is relatively counterintuitive, because WT has
the highest RMSD value compared to mutant models. It
can be seen in Figure 5(B) that the continuous increase
in the RMSD distribution shifted to the left axes with the
largest distance. Another significant finding is the config-
uration mutations from L-configuration to D-configurations

Figure 3. Keap1 Pathogenic mutations associated variations predicted by predicted by SNAP software.

Figure 4. Ribbon and surface images of the structure of Nrf2/Keap1 complex, illustrates the amino acid locations of mutations. DGR domain (yellow), BTB domain
(indianred), IVR domain (cyan) and Neh domain (green).
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in seriene in 146 led to increased rigidity compared to
the other mutated models, which showed higher probabil-
ity (0.36) and narrower distribution around the
same RMSD.

In the figure (Figure 5(C)), the RMSD values of native and
mutant IVR domain showed a nearly similar fashion of devi-
ation until 8.5 ns from their starting structure. The RMSD
mean value was 0.26 and 0.32 nm during the simulations,

Figure 5. (A) RMSD evolutions of protein backbone atoms with simulation time in WT and mutants’ systems of BTB domain; (B) Probability distribution of RMSD
values BTB domain; (C) RMSD evolutions of protein backbone atoms with simulation time in WT and mutant’s systems of IVR domain; (D) Probability distribution of
RMSD values of N-IVR domain; (E) RMSD evolutions of protein backbone atoms with simulation time in WT and mutant’s systems of DGR; (F) Probability distribution
of RMSD values of DGR; (G) RMSD evolutions of protein backbone atoms with simulation time in WT and mutant’s systems of NrF peptide; (H) Probability distribu-
tion of RMSD values of Neh2 domain.

JOURNAL OF BIOMOLECULAR STRUCTURE AND DYNAMICS 4295



and the mutant showed more deviation and attained
approximately 0.57 nm of backbone RMSD at 3.47 ns, while
the native structure maintained an RMSD value of 0.2 to
0.4 nm. Between 8 and 8.9 ns, the native structure showed a
decrease from 0.36 to 0.23 nm and attained an RMSD value
of 0.245 nm at 10 ns. The mutant protein increased from 0.38
to 0.53 nm between 8 and 8.9 ns. After then, a rapid decrease
was seen in the RMSD of mutant from 0.53 to 0.32, despite
the mutant retained maximum deviation until the end.
Figure 5(D) shows that the RMSD distribution of the mutant
system shifted in the right direction with broad range, while
the RMSD distribution of WT protein was sharper and had
higher probability (0.230).

Similarly, the monitored RMSD of DGR domain’s backbone
showed that the mean values of RMSD of the backbone of
WT and R565M mutant system were 0.084 and 0.121 nm,
respectively (Figure 5(E)). The RMSD value retained fluctu-
ation onward between 0.0723 and 0.107 nm, but for mutant
protein, the range of fluctuation was from 0.99 to 0.15 nm.
What stands out in Figure 5(F) in the distribution of RMSD
epitomize is the shifting of RMSD of mutant protein to the
right due to the mutation in 565 amino acid
with methionine.

The RMSD value mutant (L30L) was found to be more sta-
ble compared to that of WT (Neh2 domain). The mutant
Neh2 domain (L30L) attained stable conformations in 10 ns

as shown in Figure 5(G), with two short drifts at �1 and
�7 nm as compared to the RMSD value of WT. Figure 5(H)
displays the distributional probability of the RMSD of WT and
mutant of Neh2 domain, which reflects no significant
differences.

Structural flexibility

Analysis of the flexible regions based on gmx RMSF results
showed the average position of fluctuations of all the back-
bone atoms of the amino acid residues with respect to the
WT structures. The RMSF plot showed a higher fluctuation in
WT of BTB domain except for loop regions (74–78), (85–90)
and (116–121) compared to mutant models of BTB domain,
(Figure 6(A)). A noticeable increase in fluctuation is apparent
in the loop region (116-121) in Figure 6(A). From the data in
Figure 6(A), it is clear that the RMSF values of G158G have
the lowest fluctuation. Furthermore, the RMSF range of the
WT of BTB domain is between 0.43 and 0.088 nm, and the
range of the mutants is 0.61–0.104 nm.

From the RMSF plot (Figure 6(B)), we can see that N222T
mutant of IVR domain shows more instability compared to
the WT protein, and it is opposite to the mutations effect
inside of BTB domain. The terminal region (221–223) of WT
showed great fluctuations. The RMSF graph (Figure 6(C)) indi-
cated that the mutant protein structure of DGR domain

Figure 6. (A) RMSF of protein backbone atoms with simulation time in WT and mutants’ systems of BTB domain; (B) RMSF of protein backbone atoms with simula-
tion time in WT and mutant’ systems of IVR domain; (C) RMSF of protein backbone atoms with simulation time in WT and mutant’ systems of DGR domain; (D)
RMSF of protein backbone atoms with simulation time in WT and mutant’ systems of Neh2 domain.
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showed significantly higher fluctuations than the native pro-
tein structure. Major changes were observed in regions of
384–387 and 573–575 near the active site (residues 170–210)
and in the C-terminal region (residues 400–427) of mutant
protein (Figure 6(C)), suggesting the increased flexibility
caused by the R565M mutation. Moreover, backbone RMSF
of mutant Neh2 domain displayed identical fluctuations for
WT of Neh2 domain (Figure 6(D)).

Free-energy landscape

Information on FEL helps one determine the energetically
favorable conformations (Narang et al., 2018). The global
energy minima of the conformational states are shown in
reddish orange. Figure 7 shows the FEL of (A) WT of BTB
domain and its mutants. As can be seen from the figure, WT
of BTB domain displayed a single dominant minimum energy
basin observed to be associated with its conformational state

broad minimum energy basin with one of the lowest energy
conformations (reddish orange). The A159T mutation in the
(Figure 7(F)) mutation also contains a clear single point of
lowest Gibbs energy, but with single lowest energy, and it is
much broader than the basins of WT. However, it contains
two well-characterized minimum energies for the S146S
mutation (Figure 7(D)) and two broad minimum energy
regions and two narrow minimum energy regions for the
E121K mutation. In the case of S144S and G158G, there is no
well recognized minimum region, and this represents the
general direction of destabilization of S144 and G158G, even
though they contain the minimum energy spots. Based on
the results of FEL in Figure 7, all the five mutants of BTB
domain showed random motion and were less energetic-
ally favored.

For furthermore investigation, the correlation of atomic
movement was calculated by gmx covar, and the covariance
matrix was obtained. Covariance values can be positive or
negative, which provides information about the cooperativity

Figure 7. Gibbs free energy landscape calculated from PC1 and PC2 for BTB domain (A) WT, (B) E121K, (C) S144, (D) S146, (E) G158G and (F) A159T mutants.
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of motion. All diagonal elements of the symmetric 3N� 3N
covariance matrix were summed and termed as trace value,
which provides information about the measure of total vari-
ance (Figure 8). The trace values calculated for the WT of
E121K, S144S, S146S, G158G and A159T were found to be
24.56 nm2, 20.14 nm2, 19.47 nm2, 22.11 nm2, 16.74 nm2 and

19.67 nm2, respectively. Higher trace value of WT and A182P
related to the WT suggested an association with the
enhanced flexible behavior of BTB domain. For the IVR
domain, it can be seen from Figure 9(A) that WT has broader
and lower free energy region compared to N222T mutant.
FEL analysis indicates that N222T has thermodynamically less

Figure 8. Covariance matrix plot of BTB domain of Keap1 (A) WT, (B) E121K, (C) S144, (D) S146, (E) G158G and (F) A159T mutants.
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stable conformations. Also, it can be seen in Figure 10 that
the mutation of N222T drove to increase the flexibly of IVR
where the positive correlation increased from 18.9008
to 22.2634 nm2.

Interestingly, it is clear from Figure 11(A,B) that there is a
significant enhancement in the energetic stability for the
Klech domain of Keap1 after mutation at 565 with methio-
nine, despite that RMSD and RMSF revealed WT to be much

Figure 9. Gibbs free energy landscape calculated from PC1 and PC2 for IVR domain (A) WT and (B) N222T mutant.

Figure 10. Covariance matrix plot of N-terminal domain of Keap1 (A) WT and (B) N222T.

Figure 11. Gibbs free energy landscape calculated from PC1 and PC2 for DGR domain (A) WT and (B) R565M mutant.
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more stable. The presence of methionine at 565 broadens
the energy minimum region, and the white spot indicates
that the mutant is a much more energetically stable con-
formation than WT. In addition, covariance matrix indicated
that methionine reduced the correlated movement in the
DGR domain from 3.01 to 4.83 nm2 (Figure 12(A,B)). Finally,
in the Neh2 domain, there is no significant effect of mutation
on the dynamic behavior of Neh2 except that WT of Neh2 is
a little more stable that mutant peptide (Figure 13), and
covariance matrix (Figure 14) 0.461023 to 0.412934 nm2

showed a little decrease in movement.

Discussion

Nrf2/Keap1 pathway plays a role in numerous antioxidant
pathway cellular redox homeostasis, including the signaling
pathway (Baird & Dinkova-Kostova, 2011; Leinonen et al.,
2014; Suzuki & Yamamoto, 2015; Zhang, 2010). Nrf2/Keap1
regulates the expression of antioxidant and phase II detoxifi-
cation enzymes. Nrf2 is a member of the bZIP family of tran-
scription factors (Suzuki & Yamamoto, 2015). Numerous
studies in recent years have shown that Nrf2 mediates

anticarcinogenic, neuroprotective and anti-inflammatory
effects (Baird & Dinkova-Kostova, 2011; Chu et al., 2018;
Kansanen et al., 2013; Kaspar et al., 2009; Kim & Keum, 2016;
Leinonen et al., 2014; Suzuki & Yamamoto, 2015; Zhang,
2010; Zhao et al., 2016). These effects are caused by the
coordinated effects of the target genes of Nrf2. Nrf2 is highly
expressed in tissues where detoxification reactions occur. It
is the most important regulator of cellular defense mechan-
ism, especially in many tissues including brain, lung, bladder,
kidney, liver, ovarian, macrophages and erythrocytes (Chen
et al., 2015; Surh et al., 2008).

Normally, Nrf2 is found in the cytoplasm and interacts
with Keap1, an actin binding protein. The Keap1 component
is the suppressor of Nrf2 when the cell is not under stress.
When the cell is exposed to oxidative stress, it releases Nrf2
to activate cytoprotective genes and to heterodimerize the
Maf family with transcription factors (Kensler et al., 2007).
With the help of a nuclear localization sequence, the Nrf2
heterodimer quickly binds to the antioxidant responsive
element sequence, passing through the nucleus. Thus, tran-
scriptional activation of various cytoprotective genes begins.
However, somatic mutations occurring on Nrf2 and/or Keap1

Figure 12. Covariance matrix plot of DGR domain (A) WT and (B) R565M.

Figure 13. Gibbs free energy landscape calculated from PC1 and PC2 for Neh2 domain (A) WT and (B) L30L mutant.
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proteins affect these two protein interactions, which can lead
to increased nuclear accumulation of Nrf2, resulting in
increased cancer cell survival (Bauer et al., 2013; Rushworth
et al., 2012). Nrf2 mutations generally affect ETGE and DLG
motifs, while Keap1 mutations are distributed more regularly.

In our previous study providing experimental data for this
article, DNA mutation analysis was performed for the detec-
tion of mutations/SNPs in NF-Kb1, Nrf2, Keap1 and p62
genes in 30 pediatric ALL patients. As a result of mutation
analysis in 4 genes in the Nrf2/Keap1/NF-Kb1/p62 signaling
pathway, 17 (12 nucleotide changes, 2 deletion mutations
and 3 insertions) changes were detected. Six of these
changes were first described in this study, and 11 were
reported in previous studies. The gene with the most change
in study genes is Keap1. During our experimental studies,
p.R565fs� 1 somatic pathogenic mutation was detected on
the sequences encoding the Kelch/DGR domain in the Keap1
gene. It has been reported that Nrf2 interacts with the Neh2
domain by providing an interaction between Nrf2 and Keap1
when the domain containing this mutation is attached to
the Nrf2 actin cytoskeleton. The p.R565M change caused the
early termination of translation. We think that Keap1 gene
may cause the product, which is 624 amino acids, to termin-
ate at 565 amino acids and cause it to be dysfunctional.

In our study, Keap1 somatic pathogenic p.E121K and
p.A159T mutations were detected on the Keap1 BTB domain.
This domain is known to be the binding site for the Cul3-E3
dependent ubiquitin ligase complex, which suppresses Nrf2
by promoting Nrf2 ubiquitination and subsequent proteaso-
mal degradation (Mitsuishi et al., 2012; Shibata et al., 2008).

Keap1 contains 27 cysteine residues in humans, which
converts the residue protein into a redox sensor for
endogenous and environmental oxidative signals as well as
for electrophilic reactions. Under normal physiological condi-
tions, oxidation of critical cysteine residues (Cys 151, 273 and
288) on Keap1 with increased ROS or electrophile levels is
modified in a tertiary structure, causing Keap1 to separate
from Nrf2. 273, 288 and 297 cysteine residues on the Keap1
IVR domain have been reported to be particularly important

for Nrf2 activation and inhibition (Baird & Dinkova-Kostova,
2011; Bauer et al., 2013; Robledinos-Ant�on et al., 2019).

When comparing Nrf2 genes of different organisms, seven
evolutionarily conserved functional homologous domains
called Neh (NRF2-ECH homologous domain) have been iden-
tified, and these domains are defined as Neh1-7 (Kansanen
et al., 2013; Leinonen et al., 2015; Suzuki & Yamamoto, 2015).

Recently, MD simulation studies have been the focus of
biologists elucidating the various effects of mutations on
proteins, protein-protein interactions, protein-DNA interac-
tions and protein-ligand interactions (Kumar, Bansal, et al.,
2019; Sneha et al., 2017). In addition, this powerful method
exhibited the best correlation with experimental studies
(Benz et al., 2005). Therefore, we hope the present applica-
tion of a computational platform will explain the effects of
mutations, further help in highlighting the potential eco-
nomic benefit in reducing the cost of experimental analyses
and facilitate the tedious process of mutational analysis.

In the current study, comparing WT of BTB domain with
its five mutants showed that RMSD value of WT is higher
than its mutants. These results are in agreement with those
obtained by Karmaj et al. The RMSD results suggested that
mutants are more stable compared to native protein
(Kamaraj & Purohit, 2013). It is a well-known fact that a
proper structure is required for the protein to perform its
activity. So, we can say from the RMSD result that mutants
are getting more rigid and are altering the protein geometry.
For that reason, the protein cannot perform its native func-
tion. We did in-depth investigations and used several ana-
lysis techniques to understand the fundamental behind
these determined single mutations. Our results are in line
with our previous study. The RMSF result also suggested that
mutation alters structural flexibility. Meanwhile, calculating
the FEL provided intimate details about protein folding and
energy minima of the proteins (Zhuravlev et al., 2009). The
FEL is dependent on the simulation setup, time length, tem-
perature and the number of trajectories run. Thus, the FEL
result suggests that the native has a bluer region; so, it is
thermodynamically more favorable compared to mutant

Figure 14. Covariance matrix plot of Nrf2 peptide (A) WT and (B) L30L mutant.
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protein. The result suggested that mutation inducing the
structural changes. BTB domain and its mutants revealed
that the WT had the most stable conformations and unfold-
able structures. Furthermore, it is clear from RMSD and RMSF
of IVR domain that the mutation in 222 with threonine
caused an increase in RMSD and increased the flexibility in
the backbone of IVR domain. In the DRG domain, due to
mutation at 565, the fluctuation in the region 555–570 of
DGR causes blocking the binding site of Nrf2 peptide.
Similarly, IVR and DRG domain WT had well-defined single
local minima, which reflects that WT proteins are more favor-
able conformations compared to their corresponding
mutants. Therefore, the FEL result suggests that the native
has a bluer region; so, it is thermodynamically more favor-
able compared to mutant proteins. The result suggested that
mutation induced structural changes. The observed results
from MD simulations could be attributed to the pathogen-
icity of mutants. Meanwhile, the mutation to the Neh2
domain has no significant effect on the RMSD and RMSF of
Neh2. In addition, the FEL of Neh2 L30L mutant has no sig-
nificant thermodynamic effect on the global energy or
behavior of resulted mutant compared to WT of Neh2. A
possible explanation for this might be the experimental
results that revealed that L30L mutant has no pathogenic
effect. These results may provide further support for experi-
mental studies.

Conclusion

The present study was designed to determine the structural
and dynamical effects of mutants on the general behavior of
resulted mutant proteins and to give a complete picture
about the secret behind the pathogenicity of mutants. The
investigation of RMSD of BTB domain has shown that RMSD
of WT has highest RMSD average compared to its corre-
sponding mutants, which indicates that WT of BTB domain is
more dynamic. With regard to thermodynamic stability, FEL
was assessed for WT and its mutants of BTB showed that the
mutants showed less energetic favorability, which explains
the reason for them being pathogenic. One of the most sig-
nificant findings to emerge from this study is that the RMSD
for mutants of IVR and DRG domains exhibited increased sta-
bility and flexibility of IVR and DGR. Moreover, FEL showed
that mutations in both IVR and DGR domains disrupted the
global energy of mutants. In the case of Nrf2, the RMSD and
RMSF and FEL showed no significant effect on stability, flexi-
bility or energetics of L30L mutant of Neh2. This explains the
experimental results of the apathogenic effects of
this mutation.
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