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A B S T R A C T   

Background: The p53, tumor suppressor protein is inactivated upon mutation in the DNA-binding domain and the 
non-functional protein leads to cancers. The p53Y220C is one of the most frequently observed mutations in p53 
with a scope of rescuing the protein function using small molecules. 
Methods: Using computational modeling, biophysical, and experimental cell-based studies we tried to understand 
the molecular basis of Curcumin as a potential small molecule to stabilize p53Y220C mutant and restore its 
function. The pancreatic adenocarcinomas BxPC-3 p53Y220C mutant cell line was used for cell-based assays to 
determine the therapeutic potential of Curcumin to restore mutant p53 to function like wild type. 
Results: Our results showed that the Curcumin binds p53Y220C with Kd = 3.169 ± 0.257 μM and it increases the 
DNA binding affinity of the mutant by 4-fold with Kd = 851.29 ± 186.27 nM. By Fluorescence, CD, and IR 
spectroscopy, we could characterize the secondary structural changes and stabilization of the p53Y220C DNA 
binding domain upon Curcumin binding. By caspase-3 and Annexin V assays, we could demonstrate that Cur
cumin at 3 μM to 8 μM concentration could initiate p53 mediated apoptosis in BxPC-3 cell line. Based on our 
experimental studies, we propose a mechanism for the activation of ATM/Chk1 kinases pathways for apoptosis 
and/or G2/M cell cycle arrest in the BxPC-3 cell line mediated by functionally restored p53Y220C. 
Conclusion: The study indicated that the natural compound Curcumin could rescue mutant p53Y220C in BxPC-3 
pancreatic adenocarcinomas cell line to function like wild-type and activate apoptotic pathways.   

1. Introduction 

Cancer cells exploit the mutation in p53 to heighten their growth and 
survival [1,2]. The non-functional p53 is the key determining factor in 
the uncontrolled proliferation of cells and in 85% of the human cancers, 
p53 was found to be with altered function [3–7]. Out of five functional 
domains of p53, the mutations are majorly observed in the DNA binding 
domain termed as a hotspot (DNA contact residues mutations) and non- 
hotspot mutations (structural mutations) [8,9]. Most of these mutations 
are missense mutations and specifically, the structural mutations lead to 
destabilization of protein. The oncogenic p53Y220C is one of the most 
frequently occurring p53 structural mutations with approximately 
1,00,000 cases per year [2,8,10–14]. Pancreatic cancer is one of the 
cancers caused by p53Y220C with a 2 to 9% 5-year survival rate 
[15–18]. The structural mutant p53Y220C in the DNA binding domain 

leads to the loss of function and thermal stability of the protein [19,20]. 
The structural role of Tyrosine at 220th position on the periphery of the 
β-sandwich connecting strands S3/S4 and S7/S8 is to prevent the solvent 
entry into the hydrophobic core of the p53 DNA binding domain. The 
tyrosine residue form five electrostatic interactions among the backbone 
atoms of Val147, Pro151, Pro153, and Pro223 and holds the loops be
tween β-strands S3/S4 and S7/S8 [21]. The mutation of Tyr220Cys re
sults in the formation of a solvent-accessible crevice/cleft in the core 
domain structure [22]. Till now, various small-molecule ligands like 
Phikan083, PK5174, PK7088, and PRIMA-1 have targeted this cleft for 
the restoration of p53Y220C structure and function [16,23,24]. 

Curcumin used as a traditional medicine in India exhibit enormous 
therapeutic potential against human diseases. Many clinical trials of 
Curcumin have been reported against various cancers like colorectal 
cancer [25,26], breast cancer [27], multiple myeloma [28], pancreatic 

Abbreviations: p53wt, p53 DNA binding domain wild type; p53Y220C, p53Y220C DNA binding domain; IPTG, Isopropyl-1-thio-β-d-galactopyranoside. 
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cancer [29,30], and other cancers. A promising strategy for the devel
opment of novel p53 anticancer therapy is by the reactivation of the 
mutant tumor suppressor with small molecules/ligands. Recent studies 
reported ethyl amide small molecule analog MB725 [31] binds 
p53Y220C and stabilizes p53Y220C with cytotoxicity IC50 values of 18 
μM. Compounds like PK083, PK7088, and PK5196 were shown to bind 
p53Y220C with cytotoxicity IC50 values of 43, 57, and 11 μM, respec
tively [24,31–34]. The cytotoxicity of all the compounds reported so far 
was measured after 72 h of drug treatment except PRIMA-1, with 
cytotoxicity of 68.7 μM after 24 h of treatment [35]. In this study, we 
attempted to explore the therapeutic potential of Curcumin against 
p53Y220C genomic mutant human pancreatic adenocarcinoma cell line. 
We have performed computational modeling, biophysical studies to 
monitor the Curcumin-induced secondary structural changes in p53wt 
and p53Y220C using spectroscopic techniques (CD, Fluorescence, and 
IR). We have performed cell-based functional assays to validate the role 

of Curcumin to restore the mutant p53 to activate pathways of apoptosis 
in the BxPC-3 (human pancreatic cancer) cell line. 

2. Materials and methods 

2.1. Cloning, expression, and purification of p53wt and p53Y220C 
mutant 

The p53wt was PCR amplified from the p53 full length cloned in 
pCEP4 vector provided by Dr. Sanjeev Das, National Institute of 
Immunology. The amplified gene was cloned in a pET-28a (Promega, 
USA) expression vector with a C-terminal His6 tag. The p53Y220 
mutant was generated by site-directed mutagenesis using p53wt DBD 
plasmid. Both the p53DBD plasmids were isolated after trans
formation in DH5α cells sequenced for confirmation. 

2.2. Expression and purification of p53wt and p53Y220 mutant 

The p53DBD constructs transformed into E. coli BL21(DE-3) strain 
for the protein expression. Cells were initially grown in 10 mL LB 
culture supplemented with 50 μg/mL kanamycin at 37 ◦C. Cultures 
were grown till absorbance reached ~0.6 at 600 nm and induced 
with 0.5 mM IPTG at 18 ◦C for 12 h. The cells were harvested by 
centrifugation at 3800 rpm for 15 min and frozen at − 80 ◦C. The cell 
pellet resuspended and lysed by freeze-thaw followed by sonication 
in lysis buffer containing 20 mM Sodium citrate pH 6.5, 500 mM 
NaCl and 10% Glycerol, and 10 μM ZnCl2. The clear supernatant 
after centrifugation at 12000 rpm for 30 min was loaded with 2 mL 
Ni-NTA resin (GE) and kept for batch binding at 4 ◦C. The protein- 
bound resin was washed twice with 20 mL of buffer containing 5 

Fig. 1. Structure of p53 DNA binding domain. (a) p53wt: The hydrophobic core, solvent molecules interactions, and the residues lining the entry of the hydrophobic 
are shown in ball and stick (b) p53Y220C: The interactions of docked Curcumin with the residues of p53DBD is shown. (c) The electrostatic surface potential of 
p53Y220C with docked Curcumin buried inside the crevice. (d) Superimpose of p53Y220C docked with Curcumin before and after 100 ns MD simulations. 

Table 1 
Interactions formed between p53Y220C and Curcumin.  

S.No. Interactions Before MD After 100 ns MD simulations 

Protein Curcumin Distance Distance 

1. Val 147 NH O4’ 2.5 Å 2.6 Å 
2. Pro151 O OH2 3.5 Å 3.2 Å 
3. Pro152 O OH2 2.8 Å – 
4. Thr155 NH O2 2.5 Å 2.9 Å 
5. Leu145 O OH4’ 2.8 Å 2.5 Å 
6. Arg202 NH1 O4 2.4 Å – 
7. Arg202 NH1 O3 2.4 Å – 
8. Arg202 NH2 O3 2.5 Å – 
9. Cys220 NH O4 – 2.9 Å  
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mM and 20 mM imidazole, respectively. The p53wt and p53Y220C 
proteins were eluted with 20 mM Sodium citrate pH 6.5, 150 mM 
NaCl, 300 mM imidazole, 10 μM ZnCl2. Further purification was 
carried out using size exclusion chromatography using Superdex 200 
HiLoad 26/600 column (GE Healthcare Life Sciences) in buffer 20 
mM Sodium citrate pH 6.5, 150 mM NaCl and the purity analyzed 
using 15% SDS-PAGE. 

2.3. Computational modeling studies 

The Crystal structure of p53Y220C [PDB ID:6SHZ_A] [17] was used 
for docking studies after removing the solvents and energy minimiza
tion. The binding site was defined at the crevice formed between 
β-strands S3/S4 loop and β-strands S7/S8 loop along with the residues 
governing the cleft including Cys220. The Curcumin ligand coordinates 
were obtained from Protein Databank (PDB ID:5ZTN) [36] and energy 
minimized before docking. Molecular docking of prepared Curcumin in 
the defined binding site of p53Y220C was performed by AutoDock 4.2.6 
[37] using docking parameters as described in previous studies [38,39]. 
In the top 50 docked poses, the conformations with the lowest free en
ergy of binding in the largest cluster was selected as the best-docked 
conformation of Curcumin. The selected docked conformation of the 
Curcumin with p53Y220C was energy minimized and refined by mo
lecular dynamics (MD) simulations. MD simulation of the complex was 
performed using GROMACS-5.0.7 [40] with the help of forcefield 

parameters of GROMOS 54a7 [41,42] similar to previous studies [43]. A 
cubic box (10 Å in each direction from protein atoms) was generated and 
the docked complex was solvated using the SPC216 water model and the 
system was neutralized with Cl− ions. The solvated complex was energy 
minimized by the steepest descent algorithm with convergent criteria of 
less than 1000.0 kJ/mol/nm and subjected to 100 ns MD simulation at 
300 K and 1 atm pressure for 100 ps using Berendsen thermostat and 
Parrinello-Rahman barostat in Periodic Boundary Condition. The posi
tion and velocity of atoms were integrated using Leapfrog Dynamics 
integrator at the step size of 1 fs, all bonds were constrained with the 
LINCS algorithm. Long-range electrostatic forces were calculated by 
Particle Mesh Ewald (PME) algorithm while the cut-off scheme was used 
for short-range forces using the Verlet scheme for neighbour searching. 
The same protocol was used for MD simulations of p53Y220C in the 
absence of Curcumin for comparative study. 

2.4. CD spectroscopic analysis 

The Far-UV spectrum was monitored over a wavelength range of 
200–250 nm using JASCO J-1500 CD Spectrophotometer using a 0.1 cm 
path length quartz cuvette. The CD spectra were taken in two sets using 
20 mM phosphate buffer containing 10 μM ZnCl2, one set with 
p53Y220C in absence of Curcumin, and another set protein incubated 
with 60 μM Curcumin (Sigma Aldrich PCode:1002542749) for 30 min at 
4 ◦C. The CD spectra were also measured for both the protein samples 

Fig. 2. DNA and Curcumin binding studies with p53Y220C by Fluorescence Spectroscopy. (a) Tryptophan quenching assay spectra with a fixed concentration of 
p53Y220C and varying Curcumin concentration from 1 to 25 μM. (b) The Tryptophan quenching Curcumin binding curve (c) Curcumin fluorescence binding assay 
spectra with a fixed concentration of Curcumin and varying concentration of p53Y220C from 0.375 to 8.75 μM (d) The fluorescence Curcumin binding curve (e) and 
(f) FAM-labeled DNA binding assay with p53Y220C in (e) absence of Curcumin and (f) presence of 1:4 Curcumin concentration. 

L. Malhotra et al.                                                                                                                                                                                                                               



BBA - General Subjects 1865 (2021) 129807

4

with 12.5 μM and 25 μM of DNA (5′-CGGGCATAGCCCG-3′). An average 
of 2 scans was taken for each spectrum. The spectral scans were also 
taken immediately after adding for both p53Y220C with or without 60 
μM Curcumin. The CD spectra were plotted using Sigma plot 10.0 and 
the secondary structure was calculated using the online server BESTSEL 
[44,45]. 

2.5. FT-IR spectroscopic analysis 

The Fourier Transform Infra-Red (FTIR) measurements of (i) p53wt 
(80 μM of 200 μl), (ii) p53Y220C (40 μM of 200 μl), (iii) p53wt and 
p53Y220C with 20 bp DNA (20 bp: 5′-CGGGCATGCCCGGGCATGCCCG- 
3′) (1:5 of 200 μl), (iv) p53wt and p53Y220C with Curcumin and (v) 
p53Y220C with 1:5 ratio of DNA in the presence of Curcumin were 

Fig. 3. The CD spectra of p53Y220C with DNA and Curcumin. (a) CD spectra of 12.5 μM p53Y220C in the absence (red) and presence (green) of 60 μM Curcumin. (b) 
CD thermal spectra of p53Y220C in the absence (red) and presence (green) of Curcumin. (c) The left panel shows the CD spectra of p53Y220C in the absence (red) 
and presence of 12.5 μM (green) and 25 μM (blue) 13 bp DNA. The right panel shows the CD spectra of p53Y220C in the presence of Curcumin respectively. (d) and 
(e) The IR spectra of p53wt and p53Y220C with DNA and Curcumin. (d) The left panel shows the IR spectra of p53wt, p53wt with 20 bp DNA, p53wt + 20bpDNA +
Curcumin and the right panel shows IR spectra of p53Y220C, p53Y220C with 20 bp DNA, p53Y220C + 20bpDNA + Curcumin. (e) The IR spectra show the change in 
the secondary structure of p53wt (top panel) and p53Y220C (bottom panel).(For interpretation of the references to color in this figure legend, the reader is referred to 
the web version of this article.) 
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performed. All the FTIR measurements were done at 4 cm− 1 spectral 
resolution using Bruker Vertex 27 FTIR spectrometer combined with 
attenuated total reflection elements (ATR) equipped with a DTGS de
tector and N2 gas purging system at room temperature. The protein 
samples were prepared in buffer 20 mM Sodium citrate pH 6.5 with 10 
μM ZnCl2 and a total of 100 spectral scans were measured ratioed 
against 200 scan background spectra in the range in the 4000–900cm− 1 

region. Three individual experiments were performed for each sample 
using the OPUS (Bruker, Germany) spectrometer software at room 
temperature. To estimate the secondary structure content, curve fitting 
was performed in the amide I region. Before the curve fitting, the 
baseline was corrected by the least square curve fitting method using the 
Kinetics program [46]. The second derivative spectrum was used to 
determine the initial peak positions for curve fitting. 

2.6. Tryptophan quenching assay 

The Curcumin binding to p53Y220C was measured using a trypto
phan quenching assay. The assay was performed with 5 μM p53Y220C in 
the buffer 20 mM Sodium citrate pH 6.5, 150 mM NaCl and 10 μM ZnCl2 
incubated with different concentrations of Curcumin from 0 to 25 μM at 
4 ◦C for 30 min. The samples were excited at 295 nm and the emission 
spectra from 320 to 400 nm measured for each Curcumin concentration 
[47]. The experiments were performed in triplicates and the spectral 
reading was recorded using Spectramax i3x microplate reader. The 
spectra analysis and Kd were determined using Sigmaplot 14.0. 

2.7. Curcumin binding assay 

The Curcumin binding to p53Y220C was also measured using the 
emission maxima of Curcumin at 495 nm after exciting at 425 nm [48]. 
The assay was performed using 0.5 μM Curcumin in the 20 mM Sodium 
HEPES buffer pH 7.5 along with 100 mM sodium chloride and 10 μM 
ZnCl2 with different p53Y220C protein concentrations from 0 to 10 μM 
in the same buffer, with the incubation period of 30 min at 4 ◦C. The 
samples were excited at 425 nm and the emission spectra were measured 
from 450 to 700 nm for each protein concentration. The experiment was 
performed in triplicates and the Spectramax i3x microplate reader was 
used for measuring the spectral readings [48–50]. The spectral mea
surements and the Kd were determined using Sigmaplot 14.0. 

2.8. p53Y220C and 6-FAM DNA binding assay 

The binding of p53Y220C to 6-FAM labeled DNA in the presence and 
absence of Curcumin was examined using the excitation and emission of 
6-FAM labeled DNA (495 / 530 nm). The fluorescence DNA binding 
study was done with a similar protocol described in [92]. A 20 nM of 20- 
mer 6-FAM DNA (5′-6-FAM/GGGCATGCCCGGGCATGCCC-3′) was 
titrated on different p53 Y220C concentrations ranging from 50 nM to 
10 μM with or without Curcumin. The stoichiometry of protein:ligand 
was 1:4 and all the dilutions were performed in 20 mM Sodium citrate 

buffer pH 6.5 containing 150 mM NaCl and 10 μM ZnCl2. The experi
ment was performed in duplicates with a reaction volume of 100 μL. The 
protein was incubated with Curcumin for 30 min at 4 ◦C and then 20 nM 
of 6-FAM-DNA was added and again subjected for incubation at 4 ◦C for 
30 min followed by fluorescence measurement using Spectramax i3x 
and finally, the graphs were plotted in Sigmaplot 14.0. The binding of 
p53wt to 6-FAM labeled DNA was also performed using the excitation 
and emission of 6-FAM labeled DNA (495 / 530 nm) and a graph was 
plotted for determining Kd. 

2.9. Cell culture 

The Human pancreatic p53Y220C mutant cancer line BxPC-3 was 
purchased from the ATCC, Manassas, VA, USA. Cells were frozen in 
− 80 ◦C and LN2 in multiple vials and cultured (described below) for less 
than 20 population doublings for the present study. The cells were 
cultured in RPMI-1640 Media (Gibco, Thermo Fisher Scientific) along 
with 10% Fetal bovine serum (South American Origin, Gibco) and 1% 
Antibiotic- Antimycotic(100×) (Gibco). Cells were maintained in 
Thermoscientific humified incubator at 37 ◦C with 5% CO2 (LEGENDRE, 
SOOKDEO, and FOSTER 2014). Cell disassociation for cell passaging 
was done with the 1× Trypsin 0.25% and 0.2% EDTA in Dulbecco’s 
phosphate-buffered saline (Himedia). All the cell-based experiments 
were performed between 7 and 13 passages. 

2.10. Immunofluorescence 

About 0.3 × 106 BxPC-3 cells were seeded on polylysine treated 
coverslips in 6 well plates with 2 mL of complete RPMI media. When the 
confluency reached 60–70%, cells were treated with 100% methanol 
(chilled at − 20 ◦C) for 5 min followed by permeabilization using 1× PBS 
and 0.05% Triton X 100 for 10 min and then washed with PBS for 5 min. 
Then the cells were blocked for 30 min using 2% skimmed milk in PBST 
(PBS + 0.1% Tween-20) and incubated with FITC labeled p53 mono
clonal antibody (Mouse / IgG2a Invitrogen (BP53–12) in PBST (1:300 
dilution) for overnight at 4 ◦C. After washing with PBS, the cells were 
incubated with 0.5 μg/mL DAPI (Invitrogen) for 2 min [51]. Finally, the 
coverslip was rinsed with PBS and put on a glass slide and visualized 
under the fluorescence microscope (Nikon, Eclipse Ti) using FITC and 
DAPI filter [52]. 

2.11. Cell viability assay 

The human pancreatic BxPC-3 cells seeded approximately 8000 cells 
per well-grown in a 96 well plate for 24 h in media (RPMI 1640, 10% 
FBS, 1% Antibiotic and Antimycotic). The cells were treated with 
different concentrations of Curcumin from range 0 to 10 μM for the next 
24 h. The cell viability for both control and Curcumin-treated cells 
determined by MTT (3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenylte
trazolium Bromide) (Molecular Probes, Invitrogen). As per standard 
protocol, cells were incubated with MTT (0.5 mg/mL in PBS) at 37 ◦C, 
incubated at 5% CO2 for 4 h. The MTT was replaced with 80 μL DMSO 
and the absorbance for the blue formazone crystals was measured at 
575 nm using SpectraMax i3x. The assay was performed in six replicates 
and the IC50 with standard deviation obtained using Sigmaplot 14.0. The 
cytotoxicity percentage was calculated using the equation given below 
[53]. 

Cytotoxicity Percentage =

(
1 − Absorbance of sample

Absorbance of negative control

)

100  

2.12. Comet assay 

The DNA Comet assay was performed to detect the DNA-Double 
strand breaks by following the instructions from the Comet SCGE 
assay kit (ADI-900-166, Enzolifesciences) using the TBE electrophoresis 

Table 2 
Secondary structure content analysis of p53Y220C using CD spectroscopy.  

p53Y220C Secondary structure content 

α-helix β-sheet Random 
coil 

NRMSD 

p53DBD Y220C (12.5 μM) 7.2 35.3 57.5 0.026 
p53DBD Y220C + 12.5 μM DNA 6.9 34.8 58.4 0.027 
p53DBD Y220C + 25 μM DNA 5.0 36.0 59.1 0.027 
p53DBD Y220C + 60 μM Curcumin 10.1 34.5 55.4 0.031 
p53DBD Y220C + 60 μM Curcumin 
+ 12.5 μM DNA 

8.0 38.9 53.1 0.072 

p53DBD Y220C + 60 μM Curcumin 
+ 25 μM DNA 

7.4 40.0 52.6 0.045 

Crystal structure of p53DBDwt 10 34 56 –  
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method. BxPC-3 cells were treated with 0, 3 and 8 μM doses of Curcumin 
prepared and the comet assay was performed [54–56]. The comet 
analysis for 10 comets was done using the opencomet plugin of ImageJ 
and the graph was plotted using Sigma Plot [57–59]. 

2.13. Annexin V and PI staining microscopic 

The apoptotic cell bodies upon Curcumin treatment in BxPC-3 cell 
lines were detected using Annexin V (Alexa fluor 488 conjugated) /PI 
double staining kit (Invitrogen) analyzed under microscopic images. The 
BxPC-3 1 × 106 cells seeded in a 6-well plate treated with 3 μM, and 8 
μM Curcumin concentration for 24 h were analyzed under Nikon Eclipse 
Ti microscope and the images captured at different conditions. The cells 
were trypsinized and washed with ice-cold 1× PBS buffer centrifuged at 
1200 rpm for 5 min at room temperature. The Annexin V staining was 
done as per the protocol described in the manual. A 10 μL of Annexin 
conjugate and 1 μL of 100 μg/mL of PI (dissolved in 1× Annexin buffer) 
added to each 100 μL of cell suspension and incubated for 15 min at 
room temperature. After incubation, the cells were washed and resus
pended in annexin buffer and were used to prepare slides to visualize 
under a fluorescence microscope. The FITC and TRITC filters were used 
for visualizing the Alexa flour 488 conjugated Annexin and PI staining 
respectively [60,61]. 

2.14. Caspase-3 assay 

The p53 mediated apoptosis was detected by assaying the increase in 
caspase-3 activity in Curcumin-treated BxPC-3 cell lines. Approximately 
0.1 × 106 cells per well seeded in a 12 well plate containing complete 
RPMI medium. The next day, cells were treated with 8 μM Curcumin for 
24 h at 37 ◦C with 5% CO2. The cells were then harvested, washed with 
PBS, lysed, and caspase-3 activity was analyzed using the EnzCheck 

Caspase-3 Assay Kit #1 (Invitrogen, Life Technologies, Waltman, MA, 
USA) according to the protocol in the instruction sheet [62–65]. The 
assay was performed in triplicatess and the fluorescence intensity was 
measured at 441 nm for 30, 60, 90, and 120 min of incubation after 
exciting the sample with 342 nm using Spectramax i3x. 

3. Results 

3.1. Computational modeling of Curcumin with p53Y220C 

The overall fold of the DNA binding domain of p53 family proteins; 
p53 [66,67], p63 [68], and p73 [69,70] are similar. The role of the core 
domain (92–293) is to recognize the decameric consensus DNA sequence 
of PPPCA/TGYYY explicitly (where P = A or G, and Y = C or T) having 
the spacing of 0 to 13 base pairs. The domain forms an immunoglobulin- 
like anti-parallel beta-sandwich and the protein recognizes DNA by the 
loop-sheet-helix motif [67] (Fig. 1a, S1a). 

The core domain recognizes DNA bases by the structural rear
rangement of the motif loop L1, helix H2, and β-strand S10. The mutant 
p53Y220C also forms a similar fold with no variations observed from 
wild type [9]. The mutation of Tyr220 to Cysteine leads to the formation 
of an extended surface crevice between the loops S3/S4 and S7/S8 
(Fig. S1a). The role of tyrosine 220 was to stabilize the loops through a 
network of water-mediated interactions with the backbone atoms of the 
loops [17]. Upon mutation, the solvent accessibility increases, as a 
result, the domain gets destabilized with a decrease in thermal stability 
4 kcal/mol [1,2]. The crevice solvent accessible area increases to ~681 
Å2 compared to p53wt ~ 664 Å2 (Fig. S1a) [71]. The ligand Curcumin 
was docked to p53Y220C mutant at the same site as observed in the 
structure complex of Phikan derivatives [15,31]. The Curcumin oc
cupies the surface crevice by forming six hydrogen-bonded interactions 
with the backbone atoms of Leu145, Val147, Pro151, Pro152, Thr155, 

Fig. 4. The MTT and COMET assay of Curcumin in the BxPC-3 cell line. (a) The cytotoxicity with increasing concentration of Curcumin in BxPC-3 cell line after 24 h 
drug treatment. (b) COMET assay of BxPC-3 cell lines after treatment with 3 μM and 8 μM Curcumin. (c) represents the change in cell shape after Curcumin treatment 
(d) The bar diagram shows the change in the olive moment and tail length observed from a total of 10 comets from each group. The COMETs were analyzed using 
OpenComet software. (e) Analysis of caspase-3 activity assay in Curcumin-treated BxPC-3 cell line. Cells were pre-treated with 8 μM Curcumin for 24 h and caspase-3 
activity was measured at different time intervals. 

L. Malhotra et al.                                                                                                                                                                                                                               



BBA - General Subjects 1865 (2021) 129807

7

and side-chain of Arg202 (Fig. 1b) (Table 1). 
The docked p53Y220C complex with Curcumin subjected to 100 ns 

MD simulations showed that the ligand was stable throughout the 
simulation with five hydrogen-bonded interactions with the backbone 
atoms of residues Leu145, Val147, Pro151, Thr155, and Cys220 
(Fig. 1c–d). A comparison of the MD trajectory of p53Y220C in the 
absence and presence of Curcumin showed that the loop S3/S4 and S7/ 
S8 of the complex were more stable in the presence of Curcumin than the 
native protein (Fig. 1e and f). 

3.2. Curcumin binding 

The binding affinity of Curcumin with p53Y220C measured using the 
fluorescence binding assay [49] with the intrinsic tryptophan 146 
quenching by varying Curcumin concentrations (1 μM to 25 μM). The 
decrease in intrinsic fluorescence with an increase in Curcumin con
centration indicates the binding of the ligand to p53Y220C. Based on the 
quenching assay, the measured Kd was found to be 3.23 ± 0.207 μM 
(Fig. 2a and b). 

The Curcumin binding was further validated by fluorometric titra
tion assay, where the change in Curcumin fluorescence upon protein 
binding was monitored at 495 nm [48,50]. Curcumin at 0.5 μM con
centration showed weak fluorescence and upon addition of p53Y220C, 
the fluorescence of Curcumin increased significantly and saturated at 
8.75 μM. The Kd calculated based on the fluorometric titration assay was 

found to be 3.169 ± 0.257 μM (Fig. 2c and d). Both fluorescence assays 
establish that Curcumin binds p53Y220C with Kd of ~3 μM. 

3.3. DNA binding studies by fluorescence spectroscopy 

The DNA binding affinity of p53wt, p53Y220C in the absence and 
presence of Curcumin were performed using 21 bp 6-FAM labeled DNA 
by measuring the change in the fluorescence with constant DNA and 
increasing protein concentration [72]. The p53wt binds 21 bp DNA 
promoter sequence with Kd of 70.667 ± 13.662 nM (Fig. S2a) and 
p53Y220C shows affinity with Kd value of 3555.19 ± 721.86 nM 
(Fig. 2e). Interestingly, upon incubation of p53Y220C with Curcumin 
the binding affinity of protein towards DNA sequence increased by 4- 
fold with Kd of 851.29 ± 186.327 nM (Fig. 2f). The binding of Curcu
min to the crevice in the DNA binding domain provides the plasticity 
required by p53 to bind DNA. The CD and IR spectroscopy analysis was 
performed to understand the secondary structural changes in p53Y220C 
both in the absence and presence of DNA and Curcumin. 

3.4. CD spectroscopy measurements 

Circular Dichroism is an excellent tool to determine the secondary 
structure of proteins upon binding to DNA/ligands by measuring the 
optical transitions. The native CD spectra of p53Y220C and the change 
in absorbance upon binding to DNA in the presence and absence of 

Fig. 5. Annexin V and PI staining of BxPC-3 cell line and proposed p53Y220C apoptotic pathway. (a) Microscopic image of BxPC-3 cell line after 24 h treatment with 
3 μM and 8 μM Curcumin concentration. The yellow circles indicate the blebbing and the red arrow indicates apoptotic bodies (b) Fluorescent analysis of BxPC-3 
cells, untreated, 3 μM Curcumin treatment, 8 μM Curcumin treatment using Annexin V-FITC (green) and Propidium Iodide (red). Cells possessing early apoptotic 
phase appear green on FITC filter and cells in late apoptotic phase appear in both green and red in FITC and TRITC filter. (c) The proposed apoptotic pathway of 
functionally restored p53Y220C by Curcumin. 
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Curcumin was measured. The p53Y220C showed a peak at 218 nm for 
the β-sheet in spectra but not prominent. Upon addition of Curcumin, 
the protein gets stabilized and prominent secondary peaks of π to 
π⁕transitions and n to π⁕transitions appeared in the CD spectra at 208 
nm and 222 nm for β-sheets respectively [73–75]. The distinct shift of n 
to π⁕transitions in the spectra at 208 nm to 215 nm indicates the 
structural rearrangement upon CCurcumin binding to p53Y220C 
(Fig. 3a). 

3.5. CD spectra in the presence of DNA and Curcumin 

The CD measurements of p53Y220C with DNA in an increasing 
concentration from 12.5 μM to 25 μM showed no significant change in 
spectra (Fig. 3a). Whereas, a definite band with an increase in magni
tude observed between 200 and 205 nm and a decrease in negative 
ellipticity absorption at 222 nm in the spectra indicates the secondary 
structural change in p53Y220C mutant upon binding DNA with Curcu
min (Fig. 3b). The change in absorption and the protein secondary 
structural changes in the p53Y220C DNA complex supports that Cur
cumin stabilizes the protein and increases its affinity for DNA (Table 2). 

3.6. IR spectroscopy measurements 

The IR spectroscopy is a label-free biophysical technique that pro
vides information about the secondary structure elements and changes 
observed upon DNA or ligand binding to the protein [76,77]. The IR 
spectrum from 1700 to 1600 cm− 1 provides information of protein 
secondary structure contents like α-helix in the region 1660–1650 cm− 1, 
β-sheets from 1640 to 1630, and 1695–1680 cm− 1, loop/random coils 
from 1686 to 1662 cm− 1 and the disordered regions from 1650 to 1640 

cm− 1. This is the first IR spectral study to be reported for p53wt and 
p53Y220C for native and in presence of DNA and ligand. The IR spectra 
of p53wt and p53Y220C in the presence of DNA and Curcumin showed 
the changes in the secondary structural content upon binding. 

3.7. IR spectra of p53wt in the presence of DNA and Curcumin 

The native p53wt and p53Y220C DNA binding domain majorly 
consist of 34% β-sheets and 10% α-helices. In the IR spectra of native 
p53wt (Fig. 3c), four characteristic bands at 1678 cm− 1 (random coil/ 
loop), 1648 cm− 1 (disordered/random coil), 1635 cm− 1 (β-sheets) and 
1629 cm− 1 (unstructured). The spectra of p53wt incubated with DNA 
showed the changes in secondary structure with bands at 1685 cm− 1 for 
anti-parallel β-sheets/turns, 1656 cm− 1 for α-helices, and 1636 cm− 1 for 
β-sheets indicating that the protein gets stabilized upon binding DNA 
(Fig. 3c). Interestingly the spectra of p53wt in presence of Curcumin 
further sharpen the band at 1656 cm− 1 (α-helices) and 1636 cm− 1 

(β-sheets) indicating more ordered conformation of the protein [46]. 

3.8. IR spectra of p53Y220 in the presence of DNA and Curcumin 

The IR spectra of p53Y220C showed a significant difference in 
comparison to p53wt (Fig. 3d). In the spectra of p53Y220C, three 
characteristic bands at 1678 cm− 1 (random coils/loops), 1643 cm− 1 

(random coils/disordered) and 1615 cm− 1 (unstructured) were 
observed. A prominent band at 1678 cm− 1indicates the presence of large 
unstructured loops and coils in the protein compared to p53wt [77]. The 
appearance of the band of the unstructured loop at 1678 cm− 1 may be 
the result of the destabilizing solvent into the hydrophobic core [76]. In 
the spectra of p53Y220C with DNA, two new bands appeared at 1661 
cm− 1 (random coils/α-helices) and 1639 cm− 1 (mix of the random coil 
and β-sheets). A shift of 1678 cm− 1 band to 1661 cm− 1 and 1643 cm− 1 to 
1639 cm− 1 (Fig. 3d) indicatethat the structural changes upon binding to 
DNA but not in ordered conformation in comparison to the spectra of 
p53wt with DNA (Fig. 3c). 

Interestingly, in the IR spectra of Curcumin bound p53Y220C with 
DNA (Fig. 3d), bands appeared at 1686 cm− 1 (antiparallel β-sheets/ 
turn), 1654 cm− 1 (α-helices), and 1636 cm− 1 (β-sheets). These changes 
in spectra are like the changes observed with p53wt + DNA + Curcumin 
indicates that the p53Y220C in the presence of Curcumin binds DNA 
with greater affinity as observed from fluorescence DNA binding assay. 
The spectra of p53Y220C with Curcumin in the absence of DNA 
(Fig. S2b), bands at 1652 cm− 1 (α-helices), and 1636 cm− 1 (β-sheets) 
[76,77] were observed, indicating the binding of Curcumin increases 
stability in p53Y220C (Fig. 3d). The CD spectra of p53Y220C with DNA 
also showed similar results with a peak at 216 nm in the presence of 
Curcumin absent in the spectra of both protein alone and protein with 
DNA. 

3.9. MTT cytotoxicity assay 

The experimental studies with Curcumin performed using the human 
pancreatic cancer cell line (BxPC-3) harboring p53Y220C mutation in 
the genome [35,78,79]. The expression of p53Y220C in the human 
pancreatic cancer cell line was analyzed by immunofluorescence 
(Fig. S2c) using FITC and DAPI filters under the fluorescence micro
scope. Dose-dependent effect of Curcumin in BxPC-3 cell line was done 
by MTT assay. The dose-response showed an IC50 value of ~3 μM (3.30 
μM) after 24 h of treatment of BxPC-3 cell line with Curcumin (Fig. 4a). 

The COMET assay was performed with 3 μM (50% cytotoxicity) and 
8 μM (70% cytotoxicity) dose concentration to observe apoptosis. The 
comet assay slides of the BxPC-3 cell line were prepared using 3 and 8 
μM concentrations of Curcumin along with negative control. A total of 
10 comets from each group were analyzed using open comet software 
and the comets in 3 μM and 8 μM slides appear with the more significant 
olive moment and long-tail length in comparison to the negative control 

Table 3a 
Distance between the S3/S4 and S7/S8 loops in p53Y220C at different frames in 
the MD simulations in the presence of Curcumin.  

Time 
(ns) 

Distance between the residues (in Å) 

T155- 
C220 

E221- 
P152 

P222- 
T150 

G226- 
S149 

D228- 
D148 

W146- 
C229 

0 5.8 Å 10.8 Å 8.3 Å 16.8 Å 10.4 Å 5.7 Å 
10 5.7 Å 10.6 11.9 Å 13.3 Å 9.5 Å 5.6 Å 
20 6.3 Å 10.5 Å 8.1 Å 15.3 Å 13.6 Å 5.8 Å 
30 6.0 Å 12.3 Å 9.5 Å 14.6 Å 10.6 Å 5.9 Å 
40 7.1 Å 11.0 Å 9.2 Å 14.4 Å 10.0 Å 5.4 Å 
50 5.5 Å 11.2 Å 10.1 Å 19.0 Å 10.7 Å 5.3 Å 
60 5.5 Å 10.9 Å 9.1 Å 19.0 Å 12.3 Å 6.2 Å 
70 5.8 Å 11.5 Å 9.3 Å 16.2 Å 9.8 Å 5.5 Å 
80 5.7 Å 11.5 Å 9.5 Å 16.4 Å 11.2 Å 5.4 Å 
90 5.9 Å 11.0 Å 9.3 Å 17.9 Å 10.6 Å 5.3 Å 
100 6.8 Å 11.4 Å 9.1 Å 17.4 Å 9.9 Å 5.0 Å  

Table 3b 
Distance between the S3/S4 and S7/S8 loops of p53Y220C during MD in the 
absence of Curcumin.  

Time 
(ns) 

Distance between the residues (in Å) 

T155- 
C220 

E221- 
P152 

P222- 
T150 

G226- 
S149 

D228- 
D148 

W146- 
C229 

0 5.7 Å 10.8 Å 7.5 Å 16.6 Å 10.5 Å 5.3 Å 
10 5.9 Å 9.9 Å 6.8 Å 8.9 Å 10.0 Å 4.6 Å 
20 5.8 Å 9.9 Å 8.2 Å 9.0 Å 10.2 Å 5.0 Å 
30 5.5 Å 9.7 Å 8.2 Å 9.4 Å 10.9 Å 4.9 Å 
40 5.6 Å 10.4 Å 7.0 Å 8.8 Å 11.6 Å 5.0 Å 
50 5.5 Å 10.5 Å 8.3 Å 9.5 Å 11.8 Å 5.1 Å 
60 5.9 Å 10.0 Å 7.4 Å 9.7 Å 11.0 Å 5.1 Å 
70 6.2 Å 10.9 Å 8.6 Å 9.9 Å 11.2 Å 5.0 Å 
80 5.5 Å 9.5 Å 6.8 Å 10.3 Å 13.4 Å 6.8 Å 
90 5.5 Å 10.0 Å 8.2 Å 9.7 Å 12.3 Å 5.6 Å 
100 5.7 Å 10.6 Å 8.8 Å 9.7 Å 11.2 Å 4.8 Å  
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(Fig. 4b–d). The assay indicates that Curcumin induces apoptosis in the 
BxPC-3 cell line. 

3.10. Caspase-3 

To detect the apoptosis in BxPC-3 cell line in the presence of Cur
cumin, caspase-3 assay performed for 8 μM dose concentrations along 
with negative control [62,64,80]. The Curcumin treated cells showed 
very high fluorescence intensity as compared to the negative control. 
The increase in fluorescence intensity reflects the increase in the 
Caspase-3 production, which utilizes the DEVD-AMC substrate and AMC 
will be released. An increased caspase-3 activity was observed with a 
measurement done after 120 min (Fig. 4e). The increase in activity in 
comparison to untreated cell lines indicates that the Curcumin binding 
to p53Y220C mutant restores its function to induce apoptosis. 

3.11. Annexin V and PI staining 

Using Annexin V in conjunction with Propidium iodide (PI) the cell 
viability, the apoptotic state, or necrotic state of BxPC-3 cell line in the 
presence of Curcumin was performed. The PI does not stain the living 
cells with the intact plasma membrane, but the late apoptotic and 
necrotic cells will display red fluorescence upon staining. The images of 
BxPC-3 cells were taken after 24 h of Curcumin treatment. Cells with 3 
μM and 8 μM of Curcumin treatment showed blebbing and apoptotic 
bodies in comparison to untreated cells (Fig. 5). The Alexa flour 488 
conjugated Annexin V and PI staining showed that when the cells were 
treated with 3 μM Curcumin concentration, 50% of the cells were found 
to be in an early apoptotic phase as they appear green on FITC filter and 
many cells were in the late apoptotic stage. 

In contrast, cells treated with 8 μM Curcumin showed more apoptotic 
bodies in comparison to 3 μM and negative control (Fig. 5b). Based on 
the apoptotic assay, no apoptotic activity was observed in the untreated 
p53Y220C mutant BxPC-3 cells. However, the increased activity with 
the Curcumin-treated cells indicates that the mutant protein function is 
restored by the ligand binding. 

4. Discussion 

Clinically, it has been shown that Curcumin from the plant Curcuma 
longa inhibits cancer growth by activation of apoptosis and cell growth 
arrest pathways in the human cancer cells [26,34,50,81,82]. A dose of 8 
g /day has been reported to be non-toxic in phase II evaluation for 
treating cancers [83]. Curcumin with two benzene rings containing 
polar groups is a pharmacologically safe natural compound and it can be 
used as a ligand to stabilize p53Y220C mutant to restore its function. 
The mutation of the residue Tyrosine 220 to Cysteine disturbs the hy
drophobic core architecture located in the β-sandwich region. The 
crevice dimension between two S3/S4 and S7/S8 loops varies from 5.5 Å 
(CαC220 - CαT155) from one end with a maximum opening of 16 Å 
(CαG226 - CαS149) in the mid loop region to 5.3 Å (CαC229 - CαW146) 
(Table 3a and 3b). In wild type, eight water molecules (PDB ID: 2OCJ 
and 2IOI) were observed at the crevice whereas in p53Y220C structure 
(PDB ID:6SHZ) eleven water molecules were found [17] (Fig. S1b). The 
replacement of the residue Tyr to Cys leads to loss of network of 
hydrogen-bonded interactions stabilizing the S3/S4 and S7/S8 loops. 
The loops become flexible as the crevice has more solvent accessibility. 
Therefore, a ligand or a small molecule that could prevent the solvent 
accessibility and maintain the hydrophobic architecture will help in 
restoring the mutant to function like wild type. In this study, the Cur
cumin with a similar scaffold as other reported ligands 
[8,12,15–17,23,31,84] occupy the p53Y220C surface crevice with an 
estimated free energy of binding − 9.92 kcal/mol. The Curcumin in
teracts with the S3/S4 and S7/S8 loops by forming six hydrogen-bonded 
interactions with the backbone atoms of the residues Leu145, Val147, 
Pro152, and Thr155 (Fig. 1b). The 100 ns MD simulations showed 

Curcumin remains bound inside the crevice stabilizing the loops with 
solvent observed in the crevice. Whereas, in the absence of Curcumin, 
the loops moved close to each other narrowing the space around one side 
of the crevice (Fig. 1e). The Curcumin binds p53Y220C (Kd = ~3 μM) 
and stabilizes the β-fold shown in IR and CD spectra (Fig. 3) to restore its 
function by increasing its affinity towards DNA. The p53Y220C gets 
stabilized by Curcumin shown by the appearance of bands at 1652 cm− 1 

(α-helices) and 1636 cm− 1 (β-sheets) in the IR measurement (Fig. S2b). 
Curcumin holds the secondary structural elements of the domain and 
provides the plasticity to the protein to bind DNA shown by the IR 
spectra of Curcumin bound p53Y220C with DNA (Fig. 3d) where bands 
appeared at 1686 cm− 1 (antiparallel β-sheets/turn), 1654 cm− 1 (α-he
lices) and 1636 cm− 1 (β-sheets) like wild type. The Curcumin binding 
increases the DNA binding affinity of p53 mutant by 4-fold from 3.5 μM 
to 0.8 μM. So, our biophysical studies establish that Curcumin binding 
stabilizes p53Y220C mutant to bind DNA with better affinity. A struc
tural comparison was also performed with the PhiKans reported 
restoring the mutant function by binding to the crevice 
[8,12,15–17,23,31,84]. The structural analysis of PhiKans complexes 
showed all the compounds form four major hydrogen bonds with 
backbone atoms of Pro151, Leu145, Asp228, Thr150, and water- 
mediated hydrogen-bonded interactions with other loop residues. The 
PhiKans form hydrophobic interaction with Cys220 thus prevents the 
solvent entry and stabilizes the domain (Fig. S4c). The superposition of 
docked Curcumin with the PhiKans showed that the ligand occupies a 
similar position. Curcumin forms interactions like PhiKans with the 
backbone atoms and hydrophobic residues of loop S3/S4 and S7/S8 
(Fig. S4a). Out of all reported ligands so far, the compound MB170 
showed the best binding affinity of 4 μM [31], and Curcumin showed a 
comparable binding affinity of 3 μM. The Curcumin interactions with 
p53Y220DBD are also comparable to MB170 (Fig. S4b) with the five 
hydrogen-bonded and hydrophobic interactions with residues Leu145, 
Val147, Pro151, Thr155, and Cys220 maintained throughout 100 ns MD 
simulations (Fig. 1c–d). The MD trajectory of native p53Y220C in the 
absence of Curcumin showed more solvent molecules inside the core 
domain than the Curcumin docked complex. A comparison of the MD 
trajectory of p53Y220C in the absence and presence of Curcumin 
showed that the loop S3/S4 and S7/S8 of the complex were more stable 
in the presence of Curcumin than the native protein. In the absence of 
ligand, water molecules were observed in between the loop S3/S4 and 
S7/S8 destabilizing the fold at that region (Fig. 1e–f). The cell line-based 
experiments with the p53Y220C genomic mutant BxPC-3 pancreatic 
cancer cell line also showed that 3 μM Curcumin concentration could 
induce apoptosis shown by the COMET assay. By Annexin V and PI 
staining, we could observe an early apoptotic phase at 3 μM and late 
apoptotic phase along with apoptotic bodies at 8 μM concentration of 
Curcumin-treated cells. An increase in caspase-3 activity was observed 
in the BxPC-3 cells treated with 8 μM Curcumin indicating the activation 
of apoptotic pathway. Hence, based on our experimental data we pro
pose that the apoptosis [83,85] and G2/M cell cycle arrest [86] path
ways are activated by the functionally restored p53Y220C mutant in the 
pancreatic cancer cells. In healthy human pancreatic ductal epithelial 
cells (HPDE-6) Curcumin does not induce these pathways even at a 
higher concentration of 50 μM. The structurally non-functional p53 
mutant could not activate the apoptotic pathways in the cancer cell 
lines. Upon addition of Curcumin, p53Y220C mutant gets stabilized and 
the number of functionally restored p53 increases. The kinases ATR, 
ATM, Chk1 and/Chk2 [14,85,87] (Fig. 5c) recognize the structurally 
restored p53Y220C and perform post-translational modifications to 
make p53Y220C functionally active. The active p53Y220C binds to the 
promoter sequence and initiates the gene transcription of apoptotic 
pathways shown by an increase in caspase-3 activity in the Curcumin- 
treated BxPC-3 cell lines [85]. We do agree that our hypothesis re
quires further studies to establish each step in the proposed mechanism. 
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5. Conclusion 

Curcumin is documented as a therapeutic compound to prevent 
cancer by many clinical trial studies [29,50,88–90] which have shown 
that Curcumin inhibits the human pancreatic cell line harboring 
genomic mutant p53Y220C (BxPC-3) by the activation of G2/M cell 
cycle arrest and apoptotic kinases ATM/Chk1/Cdc25C. Our Biophysical 
studies establish that Curcumin stabilizes p53Y220C and restore its DNA 
binding efficiency. The cell lines experimental studies, Annexin V and 
caspase-3 assay indicates that the apoptotic and cell cycle pathway 
activation in BxPC-3 is mediated by functionally restored p53Y220C by 
Curcumin. The functionally restored p53Y220C activated by ATM/Chk1 
kinases through PTM, which further enables the Apoptotic and cell cycle 
pathway genes, results in cleavage in caspase-3 and PARP. However, 
further studies are required to determine the mechanism of the signaling 
pathways mediated by Curcumin based functionally restored p53Y220C 
in human pancreatic cancer cells. 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.bbagen.2020.129807. 
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