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Flavonoids as potential reactivators of structural mutation p53Y220C by 
computational and cell-based studies 

Lakshay Malhotraa,b , Punit Kaura and Abdul Samath Ethayathullaa 

aDepartment of Biophysics, All India Institute of Medical Sciences, New Delhi, India; bDepartment of Biochemistry, Sri Venkateswara College, 
University of Delhi, New Delhi, India 

Communicated by Ramaswamy H. Sarma    

ABSTRACT 
The p53 Y220C is one of the most frequently observed structural mutants in various human cancers. 
The substitution of residue Tyr to Cys makes the p53 DNA binding domain susceptible to solvent 
entry into the hydrophobic core of the domain thereby destabilizing p53, which results in loss of its 
tumor suppressor activity. The mutation creates a structural crevice at the region between S3/S4 and 
S7/S8 loops in the DNA binding domain which can be targeted by small molecules. Studies have 
shown that the synthetic and natural compounds could bind to this crevice and restore the structure 
and function of the mutant p53Y220C to the wild type. In our previous study, we have shown 
Curcumin could rescue the function of mutant p53Y220C in pancreatic cancer cell line BxPC-3 harbor
ing genomic mutation. In this study, we explored six flavonoids structurally similar to Curcumin such 
as Apigenin, Isoliquiritigenin, Liquiritigenin, Luteolin, Methylophiopogonanone A (MPA), and 
Methylophiopogonanone B (MPB) to test their potency to restore p53Y220C by molecular docking, 
molecular dynamics simulations and cytotoxicity assay. The secondary structure analysis after the MD 
simulations suggested that these compounds could stabilize the mutant p53 DNA binding domain to 
the wild type. In the cell-based cytotoxicity studies using p53Y220C harbouring BxPC-3 cell lines, the 
compounds MPA and MPB showed 75% cell death at 100 mM concentration. We proposed that the fla
vonoids MPA and MPB have the therapeutic potential to restore p53Y220C and could be used as a 
combinatorial therapy to reduce the dosage burden.    
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1. Introduction 

The p53Y220 is the seventh most frequently occurring muta
tion site of p53, comprising 143,000 cases/year. Among all 
p53Y220 mutations, just Y220C only accounts for 125,000 
cases (which is �1.8% of all p53 mutant tumors) and is 
reported in over 34 types of human tissues, (Bouaoun et al., 
2016; Dumble et al., 2021; Malhotra et al., 2023; Olivier et al., 
2010). According to the American Association of Cancer 
Research-Genomics, Evidence Neoplasia Information Exchange 
(AACR-GENIE) project cases, the maximum prevalence of this 
p53Y220C mutation is found in high-grade ovarian serous 
adenocarcinoma followed by pancreatic adenocarcinoma, 
breast invasive ductal carcinoma, lung adenocarcinoma, colon 
adenocarcinoma, etc. In the wild-type protein, the main role 
of Y220 is to guard the solvent entry inside the hydrophobic 
core of the protein. The presence of Cysteine at 220th residue 
fails to prevent the solvent entry and destabilizes the p53 
DNA binding core domain leading to the loss of DNA binding 
ability (Bullock et al., 2000; Joerger et al., 2006; Joerger & 
Fersht, 2007; Malhotra et al., 2021). The inability of mutant 
p53Y220C to bind DNA seizes the tumor suppressor functions 
and transforms p53 into an oncogene resulting in tumorigen
esis (Malhotra, 2023; Olivier et al., 2010). 

Interestingly, this tyrosine-to-cysteine substitution creates a 
structural crevice or druggable pocket located far away from 
the DNA binding sites. To date, many small natural and syn
thetic molecules such as Curcumin, Withanolides, PC14586, 
PhiKan083, PK7088, PRIMA-1, etc have been targeted in this 
druggable site for structural and functional restoration of 
mutant p53Y220C (Bauer et al., 2019; Boeckler et al., 2008; 
Duffy et al., 2022; Izetti et al., 2014; Liu et al., 2013; Malhotra 
et al., 2022, 2021). Natural ligands are mostly considered safe 
and have more potent anti-cancerous effects when compared 
to synthetic ligands (Abu-Darwish & Efferth, 2018). Flavonoids 
are a class of natural compounds known to possess a wide 
range of anticancer properties by modulating reactive oxygen 
species (ROS), causing cell cycle arrest, inducing autophagy 
and apoptosis, and, suppressing tumor progression, etc (Batra 
& Sharma, 2013; Kopustinskiene et al., 2020; Tuli et al., 2023). 
These flavonoids are plant-based secondary metabolites that 
are commonly present in human foods and beverages and do 
not exhibit any side effects on the human body when com
pared to anti-cancerous drugs. The consumption of a flavon
oid-rich diet endows the capability to combat cancers and also 
reduces the cancer risk by 20% (Havsteen, 2002; Veeramuthu 
et al., 2017). In our previous studies, we have shown that 
Curcumin, a flavonoid majorly found in Curcumin longa, not 

CONTACT Abdul Samath Ethayathulla ethayathulla@aiims.edu Department of Biophysics, All India Institute of Medical Sciences, New Delhi 110029, India 
Supplemental data for this article can be accessed online at https://doi.org/10.1080/07391102.2023.2252071. 

� 2023 Informa UK Limited, trading as Taylor & Francis Group 

JOURNAL OF BIOMOLECULAR STRUCTURE AND DYNAMICS 
https://doi.org/10.1080/07391102.2023.2252071 

http://crossmark.crossref.org/dialog/?doi=10.1080/07391102.2023.2252071&domain=pdf&date_stamp=2023-08-29
http://orcid.org/0000-0001-6700-5330
http://orcid.org/0000-0001-8958-3916


only restores the secondary structure of the p53Y220C DNA 
binding domain (p53Y220C-DBD) but also rescues the tran
scription activity of this mutant p53 to the wild type (Malhotra 
et al., 2022, 2021). Curcumin specifically binds with mutant 
p53Y220C and restores the tumor suppressor activity to induce 
>80% cell death in pancreatic adenocarcinoma cells within 
24 h (Malhotra et al., 2022). In this study, we have investigated 
the potency of some of the flavonoids such as Apigenin, 
Isoliquiritigenin, Liquiritigenin, Luteolin, 
Methylophiopogonanone A (MPA), Methylophiopogonanone B 
(MPB), which are structurally similar to Curcumin and possess 
no side effects on the human body. By employing the molecu
lar docking studies, we have checked the binding affinity of 
these flavonoids in p53Y220C-DBD and also confirmed the sta
bility of binding by molecular dynamics simulations and 
MM/PBSA free energy calculations. We have also established 
the impact of these molecules on the secondary structure con
tent of p53Y220C. Finally, the potency of these natural com
pounds was substantiated in the BxPC-3 pancreatic 
adenocarcinoma cells harboring mutant p53Y220C. 

2. Material and methods 

2.1. Molecular docking 

The molecular docking of flavonoids Apigenin, Isoliquiritigenin, 
Liquiritigenin, Luteolin, Methylophiopogonanone A, and 
Methyphiopoganone B was performed using AutoDock 4.2.6 
with a similar protocol as described in our previous studies 
(Malhotra et al., 2021; Morris et al., 2009). The p53Y220C-DBD 
crystal [PDB ID:6SHZ_A] structure was used for docking the 
compounds after the removal of solvents and energy mini
mization. The crevice harboring the mutation Y220C was 
defined as the docking site as described in our previous stud
ies. The coordinates of the flavonoids were obtained from 
PubMed and energy was minimized before docking. Out of 10 
docked poses, the lowest free energy of binding conformation 
was selected as the best-docked state for each of the natural 
ligands. The selected docked conformations of various ligands 
and p53Y220C-DBD complex were further subjected to 100 ns 
molecular dynamics simulations to check the stability of bound 
compounds. 

2.2. Molecular dynamics simulations 

The molecular dynamics simulations were carried out using 
GROMACS-5.0.7 for all the screened natural ligands along with 
Curcumin as the positive control (Abraham et al., 2015; 
Berendsen et al., 1995). The best docked-ligand (flavonoid) 
topologies were generated using the PRODRG server without 
energy minimization (Sch€uttelkopf & van Aalten, 2004; van 
Aalten et al., 1996). The “.itp” and “.gro” ligand topologies 
obtained by the PRODRG server were then used along in 
complex with p53Y220C-DBD (topology generated by 
GROMACS) for MD simulations. The MD was performed with 
forcefield GROMOS 54a7 and the complex was placed in the 
cubic box of 10 Å from each direction of the protein atoms 
(Schmid et al., 2011). The ligand-protein complexes were 

solvated with the SPC216 water model and neutralized using 
three Cl- atoms (Malhotra et al., 2021; Mark & Nilsson, 2001; 
Schmid et al., 2011). The solvated complex was energy mini
mized using the steepest descent algorithm with less than 
1000.0 kJ/mol/nm convergent criteria with the subjection of 
100 ns molecular dynamic simulation at a constant tempera
ture of 300 K and pressure of 1 atm for 100 ps using the 
Berendsen thermostat Parrinello-Rahman barostat respectively, 
in the Periodic boundary condition. The Leapfrog Dynamics 
integrator was used for the integration of the position as well 
as the velocity of the atoms at the step size of 1 fs followed 
by the use of the LINCS algorithm for constraining all the 
bonds (Hess et al., 1997). PME (Particle Mesh Ewald) algorithm 
was used for the calculation of the long-range electrostatic 
forces whereas the cut-off scheme was used for calculating 
short-range forces via the Verlet scheme for the neighbor 
searching (Petersen, 1995). The same above protocol was 
used for the MD simulations of p53Y220C-DBD without 
ligands. The average H-bond occupancy, RMSD, RMSF, Radius 
of gyration (Rg), and Solvent accessible surface area were cal
culated for all protein-ligand complexes. The interactions 
between the ligands and p53Y220C-DBD at 0 and 100 ns were 
analyzed using Ligplotþ software (Wallace et al., 1995). The 
MM/PBSA free energy was calculated for all ligand-protein 
complexes via the g_mmpbsa module by GROMACS (using 
the default parameters) (Kollman et al., 2000; Kumari et al., 
2014; Sharma et al., 2022; Srinivasan et al., 1998). The 
Sigmaplot 10.0 and XM Grace applications were used to cre
ate graphs and Pymol 2.4.1 was used for visualization and 
constructing structural figures (Seeliger & de Groot, 2010). 

2.3. Secondary structure calculation 

The secondary structure content was calculated for the 
p53Y220C-DBD in the presence and absence of all flavonoids 
after 100 ns MD simulations. The VMD_ss plugin (based on 
STRIDE) was used to calculate the secondary structure com
position of the protein. The secondary structure contents of 
the flavonoid complexes were compared with the wtp53- 
DBD crystal structure (PDB ID: 3KMD)(Yahyavi et al., 2014). 

2.4. ADMET analysis of flavonoids 

For the calculations of physicochemical characteristics, solu
bility, drug-likeness properties, lipophilicity, and pharmacoki
netic parameters, the SwissADME free-online server was used 
(Daina et al., 2017; Daina & Zoete, 2016). Also, the toxico
logical characteristics of all the flavonoids were predicted 
using the Osiris Data Warrior (Ajay Kumar et al., 2017). 

2.5. Principal component analysis (PCA) and free energy 
landscape (FEL) analysis for MD simulations 

The PCA was performed for the identification of the corre
lated motions of the p53wt/mutant-DBD (p53 wt and 
p53Y220C in the presence and absence of different ligands) 
derived from the conformational ensemble produced during 
the 100 ns of MD simulations (Sang et al., 2017; Tavernelli 
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et al., 2003). The gmx_covar gromacs utility was used for the 
generation of the C-alpha covariance matrix in the first step 
of PCA. The gmx_anaeig gromacs utility was used for the 
generation of the eigenvector followed by the generation of 
the Free energy landscape plot (Londhe et al., 2019; 
Motiwale et al., 2022; Wales & Bogdan, 2006). 

2.6. Cell viability assay 

To calculate the cytotoxicity of the flavonoids in the Human 
pancreatic BxPC-3 cancer cell lines, 8,000 cells per well were 
grown in a 96-well plate for 24 h in RPMI 1640 complete media 
(with 10% Fetal Bovine serum fSouth American Origing, 1% 
Antibiotic and antimycotic from Gibco). The cells were then 
treated with different concentrations (0 to 100 mM for 24 h) of 
natural compounds like Apigenin, Isoliquiritigenin, Liquiritigenin, 
Luteolin, Methylophiopogonanone A, and Methyphiopoganone 
B with Curcumin as a positive control. The cell cytotoxicity of 
the ligand-treated and untreated cells was determined by 3- 
(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium Bromide (MTT) 
using Molecular Probes, Invitrogen. The cells were incubated 
with MTT (0.5 mg/mL in PBS) at 37 �C under 5% CO2 for 4 h. 
The existing solution containing media and MTT was then 
replaced with 80 mL of 100% DMSO followed by the measure
ment of absorbance for the dissolved blue formazone crystals 
at 575 nm using the Spectramax i3x (Malhotra et al., 2021). The 
cell viability assay was performed in 4 replicates and the graphs 
were made using Sigmaplot10. 

3. Results 

3.1. Molecular docking analysis 

The docking study showed all six compounds (SMILES and 
PubChem ID are shown in Table S1) bind to the structural 
crevice of the DNA binding domain of p53Y220C (Figure 1). 
MPA and MPB showed the lowest binding energy of 
� 10.08 kcal/mol while the remaining compounds ranged 
from � 8 to � 9 kcal/mol (Table 1). 

The molecular docking showed that Apigenin forms 
three hydrogen-bonded interactions with backbone atoms 
of residues L145,T230 and T150 (Figure 1a). While 
Isoliquiritigenin and Liquiritigenin formed 6 and 3 hydrogen 
bonds, respectively, with backbone atoms of residues L145, 
V147, P152, G154, T155, and E221 (Figure 1b and c). The 
compound Luteolin formed six hydrogen-bonded interac
tions with backbone atoms of residues L145, V147, P152, 
and T155 (Figure 1d). In the case of MPA, four hydrogen- 
bonded interactions with L145, V147, G154, and T155 were 
observed. While MPB formed five hydrogen-bonded interac
tions with V147, T150, G154, and T155 (Figure 1f). Apart 
from hydrogen bonds, the hydrophobic interactions with 
the residues L145, V147, T150, P151, P152, P153, G154, 
P222, P223, and C220 were also observed with all com
pounds (Figure 1) (Tables 2 and S2). To further understand 
the stability of these compounds upon binding to the crev
ice, the flavonoid-p53Y220C-DBD complexes were subjected 
to 100 ns MD simulations studies. 

Figure 1. Docking of flavonoids in a p53Y220C-DBD structural crevice: the cartoon diagram shows the polar interactions and the ligplot represents the non-polar 
interaction formed between the p53Y220C-DBD and flavonoids (a) Apigenin, (b) Isoliquiritigenin, (c) Liquiritigenin, (d) luteolin, (e) MPA and (f) MPB. The residues 
forming the structural crevice are shown in ball and stick.  
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3.2. Molecular dynamics simulations 

The 100 ns MD simulations of all six flavonoid-p53Y220C-DBD 
complexes were carried out using gromacs. The overall RMSD 
calculations showed that all 6 complexes were stable throughout 
100 ns of MD simulations (Figure 2a, Table S3). The radius of gyr
ation of all the complexes was found to be constant throughout 
MD simulations. Upon analysis of the binding site of the mutant 
p53Y220C-DBD domain, no large conformational change was 
observed in the loops S3/S4 and S7/S8, and the shape of the 
structural crevice was maintained in the Apigenin and Luteolin 
complexes (Figure 2b, Table S3). While in other complexes, the 
compound binding induces a conformational change in the S7/ 
S8 loop towards closed conformation thereby reducing the size 
of the cavity (Figure 2b, Table S3). Upon comparing the SASA 
(solvent accessible surface area) of protein in the presence and 
absence (nm2) of ligand a slight decrease in SASA was observed 
(Table 3, Table S3). 

Therefore, together indicating that the presence of these 
flavonoids at the druggable crevice could prevent solvent 
entry (Figure 2a) and stabilize the protein. All the flavonoids 
were intact inside the structural crevice throughout 100 ns of 
MD simulations (Figure 2b). The H-bond occupancy was also 
calculated for all six flavonoids. 

After MD simulations Apigenin showed three stable 
hydrogen-bonded interactions throughout 100 ns with resi
dues P152 and T155 (Figures 3a and S1a). While 
Isoliquiritigenin showed five constant H-bond with C220, 
P223, G226, D228, T230, and, Liquiritigenin formed 2 H-bonds 
with residues G226 and T230 (Figure 3b and 3c and Figure 
S1a). The compound Luteolin formed seven hydrogen- 
bonded interactions with L145, V147, P152, T155, and T230 
(Figures 3d and S1a). In the case of MPA an average of 2 to 
3 hydrogen-bonded interactions with backbone atoms of 
V147 (Figures 3e and S1a). While MPB forms an average of 
four hydrogen-bonded interactions with L145, V147, C229, 

Table 1. Docked binding energy of flavonoids on p53Y220C-DBD. 

S.No. Ligand name Structure Binding energy (kcal/mol)  

1. Apigenin � 8.40 

2. Isoliquiritigenin � 8.55 

3. Liquiritigenin � 8.85 

4. Luteolin � 8.36 

5. MPB � 10.08 

6. MPA � 10.08  
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and T230 (Figures 3f and S1a). Apart from hydrogen bonds, 
all the compounds formed most of the hydrophobic interac
tions with the residues L145, V147, T150, P151, P152, P153, 
G154, P222, P223, C220, V225, S227, and C229 (Table 4). It is 
noted that both MPA and MPB formed Pi-Pi stacking interac
tions with W146 along with hydrogen-bonded interactions to 
keep them stable inside the structural crevice. 

3.3. MM/PBSA calculations 

The Gibbs free energy was calculated for all complexes. 
Among all six flavonoids, Isoliquiritigenin displayed the low
est free binding energy of � 149.838 kJ/mol followed by MPB 
with the lowest binding energy of � 126.754 kJ/mol. The 
compounds Liquiritigenin, Luteolin, MPA, and Apigenin 
showed interaction energy of � 115.454, � 101.823, � 96.264, 

Table 2. Average number of H-bonds formed between the flavonoids and p53Y220C-DBD after molecular docking. 

Protein residues 

Hydrogen bond distance (Å) and ligand atom 

Apigenin Isoliquiritigenin Liquiritigenin Luteolin MPA MPB  

L145 (O)   2.8 (OAR)   –   2.6 (OAS)   2.8 (OAS) 
3.3 (OAR)   

2.8 (O6)   – 

V147 (NH)   –   3.1 (OAJ)   3.3 (OAS)   3.1 (OAS)   3.3 (O6)   3.1 (OAX) 
V147 (O)   –   3.4 (OAJ)   –   –   -   – 
T150 (OG1)   3.3 (OAB)   –   –   –   –   2.7 (OAW) 

3.1 (OAB) 
P152 (O)   –   3.4 (OAS)   –   3.1 (OAU)   –   – 
G154 (NH)   –   2.8 (OAS)   3.0 (OAR)   –   2.8 (O4)   3.1 (OAU) 
T155(NH)   –   3.2 (OAS)   –   � 3.4 (O4)   3.2 (OAU) 
T155 (O)   –   –   –   3.0 (OAU)   –   – 
E221 (O)   –   3.5 (OAI)   –   –   –   – 
T230 (NH)   3.5 (OAR)   –   –   –   –   –  

Figure 2. Molecular dynamics simulation of p53Y220C-DBD and flavonoids: (a) (i) the RMSD, Rg, SASA, and (ii) RMSF plots showing the stability of flavonoid- 
p53Y220C-DBD complexes in comparison to apo p53Y220C-DBD mutant. (b) Superimposition of the 0 and 100th frame of the MD simulations of all flavonoid com
plexes are shown in the cartoon (i) Apigenin, (ii) Isoliquiritigenin, (iii) Liquiritigenin, (iv) Luteolin, (v) MPA and (vi) MPB.  

Table 3. The MD parameters of the p53Y220C-DBD in complex with and without ligands. 

S.No. Complexes SASA nm2 RMSD (nm) at 100 ns 
Avg. RMSD 

(nm) Rg (nm) at 100 ns 
Avg. Rg 

(nm) 
Avg RMSF 

(nm)  

1 p53wt   108.922   0.324   0.308   1.628   1.637   0.125 
2 p53Y220C only   113.439   0.402   0.348   1.631   1.637   0.151 
3 Apigenin   109.113   0.442   0.356   1.610   1.623   0.138 
4 Isoliquiritigenin   107.033   0.498   0.416   1.624   1.640   0.142 
5 Liquiritigenin   108.046   0.428   0.373   1.638   1.645   0.156 
6 Luteolin,   110.914   0.390   0.365   1.604   1.611   0.139 
7 MPA   112.109   0.419   0.353   1.634   1.630   0.120 
8 MPB   109.371   0.415   0.373   1.623   1.640   0.150  
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and 90.713 kJ/mol, respectively. In comparison with 
Curcumin (-110.972 kJ/mol), the compound Isoliquiritigenin 
and MPB showed the lowest binding/interaction energy 
(Table 5). Figures S2a and S2b represent the total Apolar 
solvation energies and polar solvation energies of the whole 
flavonoid-ligand complexes throughout 100 ns of MD simula
tions. The Curcumin-p53Y220C-DBD was used as a control to 
understand the interaction energy of other flavonoid 

compounds. The MM/PBSA calculations show that the com
pounds are stable inside the structural crevice. 

3.4. Secondary structure prediction 

To understand the ligand-induced secondary structural change 
in the mutant p53Y220C-DBD, the STRIDE-based secondary 

Figure 3. Polar and non-polar interactions of flavonoids-p53Y220C-DBD complex after MD simulations: the cartoon diagram shows the polar interactions formed 
between the p53Y220C-DBD and flavonoids after 100 ns of MD simulations (a) Apigenin, (b) Isoliquiritigenin, (c) Liquiritigenin, (d) Luteolin, (e) MPA and (f) MPB.  

Table 4. List of hydrogen-bond and hydrophobic interactions formed by the p53Y220C-DBD residues with flavonoids after 100 ns of MD simulations. 

Protein residues 

Hydrogen bond distance (Å) and ligand atom 

Apigenin Isoliquiritigenin Liquiritigenin Luteolin MPA MPB  

L145 (O) 
L145 (N) 

– 
– 

– 
– 

– 
–   

3.1 (OAR) 
–      

3.3 (OAB) 
– 

V147 (N) 
V147 (O) 

– 
– 

– 
– 

– 
–   

2.9 (OAS) 
3.5 (OAS)   

2.6 (OAX) 
3.0 (OAB)   

�

2.9 (OAX) 
P152 (O)   3.2 (OAB) – –   3.4 (OAU) – – 
T155 (NH) 

T155 (OG1)   
2.6 (OAB) 

3.4 (OAB) 
– –   �

2.9 (OAU) 
– 
– 

– 
– 

C220 (O) –   2.9 (OAS) – – – – 
P223 (O) –   2.6 (OAI) – – – – 
G226 (NH) –   2.8 (OAJ)   3.3 (OAR) – – – 
D228 (O) –   3.5 (OAA) – – – – 
C229 (N) – – – – –   3.3 (OAW) 
T230 (N) 

T230 (OG1) 
–   3.3 (OAA) 

3.5 (OAA)   
�

2.6 (OAS)   
2.6 (OAR) 

3.1 (OAR) 
– 
–   

3.0 (OAB) 
– 

Hydrophobic interactions 
Ligand Protein residues 
Apigenin T150, P151, P152, P153, G154, T155, R202, C220, P219, P222 
Isoliquiritigenin L145, W146, V147, T155, C220, E221, P222, P223, E224, V225, G226, S227, C229, L257 
Liquiritigenin L145, W146, V147, T155, C220, E221, P222, P223, E224, V225, G226, S227, C229, T230, L257 
Luteolin L145, W146, V147, P151, P152, T155, C220, E221, P222, P223, C229, T230 
MPA L145, W146, V147, C220, P222, P223, V225, S227, C229, L257 
MPB F109, L145, W146, V147, T150, P151, V157, C220, G226, S227, D228, C229, T230, L257  
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structure calculation was carried out using the ss-VMD plugin. 
The wtp53-DBD (PDB ID: 3KMD) contains 9% a-Helix, 3% 310 

Helix, 35.02% b-sheet or extended configuration (E), 31.13% 
Turns (T), and 19.63% coil (Figure 4a) and after 100 ns MD sim
ulations the mutant p53Y220C-DBD showed a significant 
reduction in the alpha-helical content (6.6%) compared to the 
wild type. In the case of flavonoid-p53Y220C-DBD complexes, 
except MPB all complexes showed a slight increase in the hel
ical content of the mutant p53Y220C-DBD in the presence of 
Apigenin, Isoliquiritigenin, Liquiritigenin, Luteolin and MPA 
(Figure 4d–f, Table S4). For comparison, the secondary struc
ture content of the p53Y220C-DBD-Curcumin complex was 
analyzed and it showed an increase in alpha helix, close to 
wild-type p53-DBD (Figure 4c). Both MM/PBSA and MD simula
tions studies establish that the flavonoids could bind to the 
structural crevice and stabilize the mutant p53 DNA binding 
domain. Hence, these compounds were further analyzed for 
the cytotoxicity assay. 

3.5. ADMET analysis 

From the ADMET (absorption, distribution, metabolism, 
excretion, and toxicity) analysis (conducted via SwissADME) it 
was found that Apigenin, MPA, and MPB are more bioavail
able as these three compounds showed lipophilicity, polarity, 
properties of size, solubility, and saturation in the optimal 
range (Figure 5) (Figure S4-9). Further, the toxicity analysis of 
all these drugs was conducted using the Osiris Data Warrior 
software as shown in Table 6. It was found that both 
Apigenin and Isoliquiritigenin possess mutagenic properties 
when compared with other flavonoids. Also, Apigenin 
showed a mild risk of irritant properties. Therefore, among 
all six flavonoids Liquiritigenin, Luteolin, MPA, and MPB were 
found safer as a molecule. These drug-likeness properties as 
shown by the ADMET analysis in the bioavailability radar dia
gram along with the toxicity analysis by Osiris Data Warrior 
software signifies that both MPA and MPB are having upper 
hand in terms of drug-likeliness and as potential drug mole
cules when compared to other flavonoids. However, some 
scientific reports prove that Apigenin is non-mutagenic 
whereas Isoliquiritigenin possesses slightly weaker mutage
nicity properties (Gulluce et al., 2013; Hashemi et al., 2010; 
Nagao et al., 1981; Wang et al., 2019). 

The absorption of these flavonoids was also assessed and 
it was found that all these flavonoids have very high pre
dicted GI absorption. Only Isoliquiritigenin, Liquiritigenin, and 
MPB showed the predicted property of crossing BBB (Blood- 
brain barrier) (Table 6, Figure S10). 

3.6. Free energy landscape 

The MD simulation-trajectory-based FEL analysis was con
ducted and it was found that the most stable poses of the 
wtp53-DBD exhibit the lowest free energy between 6 and 
5.5 kcal/mol. On the other hand when the Y220C mutation is 
present in the protein then the most stable configurations/
poses were found at 10 kcal/mol basin (Figure 6). 
Interestingly in the presence of flavonoids such as Apigenin, Ta
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Luteolin, Liquiritigenin, MPA, and MPB the mutant protein 
got stabilized as the most stable poses showed the free 
energy lower than p53Y220C-DBD alone (Figure 6). This fla
vonoid-mediated p53Y220C-DBD stabilization was also 

validated by using Curcumin as a control. Curcumin presence 
successfully resulted in lowering the free energy of mutant 
protein as the lowest energy poses were found between 8 
and 8.5 kcal/mol zone (Figure S11). 

Figure 4. Secondary structure content analysis of flavonoid-p53Y220C-DBD complex after 100 ns MD simulation. The bar graphs represent the different structural 
components of (a) Crystal structure of wtp53-DBD (PDB ID: 3KMD), (b) p53Y220C-DBD without compound, (c) mutp53-DBD with Curcumin, (d) mutp53-DBD with 
Apigenin, (e) mutp53-DBD with Isoliquiritigenin, (f) mutp53-DBD with Liquiritigenin, (g) mutp53-DBD with luteolin, (h) mutp53-DBD with MPA, and (i) mutp53-DBD 
with MPB.  

Figure 5. Bioavailability radar diagram of different natural flavonoids (a-f: Apigenin, Isoliquiritigenin, Liquiritigenin, Luteolin, MPA, MPB) showing different drug 
likeliness properties by SwissADME.  
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On the other hand, the presence of Isoliquiritigenin was 
not able to put a significant impact on the mutant protein 
stability as the most stable poses were found between 10.5 
and 11.5 kcal/mol basin (Figure 6). 

3.7. Cell viability assay 

For the cell cytotoxicity assay, Curcumin was used as control; 
as it has been established in our previously reported studies 
that at 3 mM concentration, 50% cytotoxicity was observed in 
the BxPC-3 pancreatic adenocarcinoma cells after 24 h of 
treatment. In comparison to Curcumin, only MPA and MPB 
showed 75% of cell death in BxPC-3 cell lines at 100 mM con
centration. On the other hand, Isoliquiritigenin and Luteolin 
managed to kill 50% of the pancreatic cancer BxPC-3 cells at 
100 mM concentration. The other two flavonoids Apigenin 
and Liquiritigenin showed < 40% cell death in BxPC-3 cell 
lines (Figure 7, Figure S3, Table S5). It was found that all 6 
flavonoids were able to cause cytotoxicity to a certain extent 
in the p53Y220C mutant cell lines but none of them were as 
efficient as Curcumin. 

4. Discussion 

Flavonoids are the polyphenolic plant secondary metabolites 
that are responsible for the color, flavor, and various 

pharmacological properties. Flavonoids are free radical scav
engers, regulators of different cellular metabolism and pos
sess anti-cancerous properties. Various reports showed that 
flavonoids execute the anti-cancerous properties by inhibit
ing the protein kinase B (Akt), phosphatidylinositide 3- kinase 
(PI3K), NF-jB, and epidermal growth factor receptor/mito
gen-activated protein kinase (EGF/MAPK) pathways that lead 
to cell cycle arrest and apoptosis (Kopustinskiene et al., 
2020). The p53Y220C structural and functional restoration is 
another strategy by which the natural flavonoid Curcumin 
mediates apoptosis (Malhotra et al., 2022, 2021). However, 
no other flavonoid is known to exhibit this p53 rescuer activ
ity. In this study, we tried to explore the structural and func
tional restoration of p53Y220C by six different flavonoids 
using computational and cell-based studies. 

Based on our molecular docking and MD results all 6 fla
vonoids can bind to the structural crevice formed by the 
S3/S4 and S7/S8 loop in mutant p53Y220C-DBD with binding 
energy in the range of � 10 to � 8 kcal/mol. Like Curcumin, 
all six flavonoids were found intact inside the structural crev
ice of the p53Y220C-DBD even after 100 ns of MD simulation 
indicating their stable binding. All these flavonoids showed 
reduced SASA at 100 ns compared to the native state of the 
mutant p53Y220C-DBD. Out of these six compounds, 
Isoliquiritigenin, Luteolin and MPB showed stable hydrogen- 
bonded interactions before and after MD simulations with 
lower binding energy calculated by MM/PBSA (Table 5). The 

Table 6. Toxicity and absorption prediction of flavonoids by Osiris software and ADMET analysis. 

S.No Compound Mutagenic Tumorigenic Irritant Reproductive Effects GI absorption BBB permeant  

1 Apigenin High Risk Low risk Mild risk Low risk High No 
2 Isoliquiritigenin High Risk Low risk Low risk Low risk High Yes 
3 Liquiritigenin Low risk Low risk Low risk Low risk High Yes 
4 Luteolin Low risk Low risk Low risk Low risk High No 
5 MPA Low risk Low risk Low risk Low risk High No 
6 MPB Low risk Low risk Low risk Low risk High Yes  

Figure 6. Free energy landscape of p53 wild type and Y220C mutant DBD in the absence and presence of flavonoids after 100 ns MD simulation. The FEL plots 
indicating the free energy on the right-axis (kcal/mol) for (a-b) p53 wild type and Y220C alone and in the presence of (c-h) Apigenin, Luteolin, Isoliquiritigenin, 
MPA, Liquiritigenin, and MPB.  
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compounds Luteolin and MPB are held by H-bond interac
tions with T230 at one end and with the backbone of L145 
and V147 at another end of the crevice. In the case of 
Isoliquiritigenin, it is held by H-bond with T230 at one end 
and backbone interactions with C220, P223, and G226 at the 
end of the crevice. While in the case of MPA, at one end it is 
held by H-bond interactions with V147 and at the other end 
by hydrophobic interactions with less binding energy com
pared to MPB (Table 5). The FEL plot analysis of the MD 
simulation trajectories also showed that in the presence of 
the flavonoids the mutant protein poses lower free energy 
confirmations compared to p53Y220C alone, and the MD 
poses of the mutant Y220C are not as stable as the wild 
type (Figure 6). However, our cytotoxicity assay showed only 
MPA and MPB showed 75% cell death at 100 mM concentra
tion while other compounds with 50% or less cytotoxicity. 

In the literature, it has been reported that Apigenin at 
100 mM showed 50% cytotoxicity in pancreatic adenocarcin
oma BxPC-3 by transcription-independent p53 activity (King 
et al., 2012). However, the underlying mechanism of action 
of Apigenin-mediated mutant p53 was never explored in 
depth. Our results indicated that Apigenin might restore 
mutant p53Y220C fold and initiate its transcription-independ
ent function. However, among all six flavonoids, MPA, MPB, 
and Isoliquiritigenin showed better cytotoxicity than 
Apigenin. In comparison to Curcumin, none of the flavonoids 
showed the greater cytotoxicity. The ADMET analysis also 
indicated that out of these 6 compounds, the compounds 
MPA and MPB are the best bioavailable molecules due to 
their physical properties and non-toxic nature. Although the 
compound Isoliquiritigenin have stable H-bonded interac
tions with good binding energy it possesses high mutagenic 

property (Figure 5) and hence may not be an ideal candidate 
compared to MPA and MPB. 

Together, our all results indicated that the flavonoids MPA 
and MPB are the best flavonoids used in this study. However, 
all 6 flavonoids have the potential to restore the p53Y220C 
but need more structural modifications (especially MPA and 
MPB) to reduce the dosage burden of other p53Y220C drugs. 

However, more structural modification and biochemical 
studies are required to make these natural flavonoids more 
potent anticancer molecules. 
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Figure 7. Cell cytotoxicity assay of flavonoids in mutant BxPC-3 cells. The concentration-based cytotoxicity scatter-line graph representing the cytotoxicity in BxPC- 
3 cells after 24 h treatment of (a) Apigenin, (b) Isoliquiritigenin, (c) Liquiritigenin, (d) Luteolin, (e) MPA and (f) MPB.  
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