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Abstract

Background: Apoptosis is one of the most vital mechanisms in the removal of old and damaged cells,
especially cancer cells. Many polyphenolic and antioxidant compounds can inhibit the growth and
proliferation of cancer cells by inducing apoptosis. This study intended to evaluate the effect of the
thymoquinone (TQ) on the three pre-apoptotic factors Bad, Bak, and Bim in the simulation environment.
Methods: The Protein Data Bank (PDB) files of three pre-apoptotic proteins Bad, Bak, and Bim were
obtained from PDB database and the molecular structure of TQ from PubChem database. The optimization,
simulation, molecular docking, and molecular dynamics (MD) computation were performed using
AutoDock, VMD, and GROMACS packages on each one of the proteins in free mode and ligand binding
mode.

Results: The number and type of hydrogen and hydrophobic bonds at the binding site of TQ and pre-
apoptotic factors Bad, Bak, and Bim were detected at the lowest level of energy. The lowest binding
energy level of TQ had the highest tendency to bind to the BAD molecule. After the binding of TQ to
proteins, the radius of gyration (Rg) of Bim increased while the Rg of Bad and Bak decreased. However,
the secondary structures (Turn, Coil, Helix, and Bend) were greatly affected in the binding of TQ to Bad,
Bak, and Bim.

Conclusion: The variations of binding energy indicated that TQ can affect the three pre-apoptotic factors
Bad, Bak, and Bim. This bond seems to increase their activity by variation in the secondary structure of
the Bim specific residues.
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Introduction

Cancer is one of the most complicated diseases with a
high global prevalence. Comprehensive studies have been
done to determine the causes, prevention, and treatment
of this disease (1,2). Studies showed and proved that the
existing antioxidants and polyphenolic compounds in
medicinal herbs have always been effective in inducing
apoptosis (3). Thymoquinone (2-isopropyl-5-methyl-
1,4-benzoquinone) (TQ) is a bioactive herbal ingredient
which is found in large quantities in plants such as Nigella
sativa Linn (4,5).

Some studies have reported that TQ exhibits antioxidant
(6), anti-inflammatory (7), and anti-neoplastic (8)
properties against malignancies including prostate cancer
(9), osteosarcoma (9), fibrosarcoma (10), and myeloblastic
leukemia (11). In addition, TQ is a potent antioxidant with

the ability to prevent the growth of tumor cells in many
cancers and can potentially stimulate apoptosis (12,13).
Proteins such as Bcl-2, Mcl-1, and Bcl-xl are antiapoptotic
factors that are involved in the process of apoptosis and cell
death and help prevent the occurrence of apoptosis in the
cell (14). When Bcl-2 is inhibited by anticancer drugs or
in response to apoptotic stimuli, it means that it activates
many pre-apoptotic factors in its subset such as Bad, Bak,
Bim, Bax, Bid, and Bik (15), while the pre-apoptotic factors
such as Bad, Bak, and Bim proteins induce apoptosis and
cell death in damaged cells when activated (15). These
pre-apoptotic factors affect mitochondrial membrane of
the cells and subsequently activate cellular caspases, which
induces a death signal in the cell (16,17).

Given the fact that the factors involved in the pathway
of apoptosis of the cell play a key role in inducing or
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inhibiting the process, this study tried to investigate the
effects of TQ, a powerful flavonoid compound, on three
pre-apoptotic factors such as Bad, Bak, and Bim proteins
that play an important role in the apoptotic pathways.

Materials and Methods

Preparation of PDB Files

We obtained the PDB files of the pre-apoptotic proteins
(Bad ID: 1G5J, Bak ID: 1BXL, and Bim ID: 1PQ1) from
Protein Data Bank server (http://www.rcsb.org). Then, we
obtained the molecular structure of TQ (CID: 10281) from
PubChem server, converted it to PDB files and optimized
by ArgusLab software.

Simulation and Molecular Dynamics Studies

Studies on the molecular dynamics (MD) simulation of the
three above-mentioned protein structures were initially
carried out in pure water to allow the corresponding
structures to be in equilibrium under conditions of
constant temperature, pressure, and concentration. The
simulations of three apoptotic complexes (Bad, Bak, and
Bim) were performed using the GROMACS (version
4.6.1) software package with G43A1 force field in the water
solvent. A 140 mM concentration system was prepared by
adding the calculated Na and CI ions. In this study, the
SPC216 model was used (18). The output PDB file was
then used as an input structure to simulate complexes in
molecular docking.

Molecular Docking

Molecular docking studies were done by AutoDock
software in Linux operating system with a 64-bit system
and Intel (R) Core (TM) i7 CPU Server in Clinical
Biochemistry Research Center of Basic Health Sciences
Institute of Shahrekord University of Medical Sciences.
Molecular docking of TQ on three pre apoptotic factors
Bad, Bak, and Bim was done to find the best binding
sites for the ligand-receptors and to determine the most
stable free energy state of ligand-receptors. In this study,
we built a Grid Box with 60x120x72 nm (xxyxz) for
proteins, after the production of PDBQ and PDBQT, TQ
file as a ligand and Bad, Bak, Bim as receptors. After 200
stages of molecular docking run on the ligand, we used the
Genetic Algorithm and Lamarckian Genetic Algorithm
parameters. The data obtained from the out put (n.dlg) file
were analyzed (3).

Table 1. Molecular Docking Between TQ and Proteins

In this study, we used LigPlot+ software to specify the
number of hydrophobic and hydrogen bonds between
TQ and three pre-apoptotic proteins (Bad, Bak, and Bim).
Then, the type and number of amino acids presented in
the binding site were identified.

Molecular Dynamics Simulation

At the last stage of the simulation of MD, the complex of
TQ and all three proteins (Bad, Bak, and Bim) was formed
in 140 mM water and salt in accordance with the above-
mentioned method, and the paths stored in the simulation
were used to analyze the structural parameters of the
interaction complex. In the following, we used Grapher
10 to analyze the results of the MD simulation of pre-
apoptotic molecules without TQ compared to the results
of the MD simulation of the ligand complex with each of
the pre-apoptotic molecules (19). The temperature was set
to 300 K for all the 10 nanoseconds (ns) of simulation time.

Statistical Analysis

The data were analyzed using SPSS version 22.0 (Chicago,
IL, USA). The paired-samples ¢ test was performed to
analyze MD. P<0.001 was considered the significance
level.

Results

The results of molecular docking between TQ and three
pre-apoptotic proteins Bad, Bak, and Bim are shown
in Table 1. The lowest estimated free energy of binding
(BE) (-6.04 kcal/mol) and the least estimated inhibition
constant (EIC) (37.4 uM) belong to the binding of TQ with

BAD

Figure 1. a) The Structure of TQ, b) Hydrogen and Hydrophobic
Bonds Between TQQ and Bonded Residues in Binding Sites.

. BE FIE EIC . . .
Ligand- Receptor keal/mol keal/mol uM Hydrogen Bonding Hydrophobic Bonding
Ser126, Phe127,Val130, Val131, Leu134, Ala146, Phe147, Phe150,
TQ-BAD -6.04 -6.34 374 Gly151, Lue154, lle170, Met174
TQ-BAK -5.44 -5.74 103.4 Lys148, Gly149 Val58, Thr59, Leu60, Pro61, Gly146, Phe147
TQ-BIM -4.96 -6.96 233.1 Asn65 Lys4, Ala5, Cys8, Tyr68, Tyr72, Leu87, His88, Gly90

BE: estimated free energy of binding (kcal/mol), FIE: final intermolecular energy (kcal/mol), EIC: estimated inhibition constant.
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Bad molecule.

Figure 1 and Table 1 show the hydrogen and
hydrophobic bonds in the binding sites of TQ and the pre-
apoptotic proteins (Bad, Bak, and Bim). The hydrogen and
hydrophobic bonds between bonded residues and TQ in
binding site are shown in Figure 1.

The binding sites of TQ with three pre-apoptotic factors
(Bad, Bak, and Bim) are shown in Figure 2.

Root mean-square deviations (RMSD) for Bad, Bak, and
Bim in complex with TQ at 10 ns of simulation are shown
in Figure 3.

Figure 4 shows the total energy (TE) for Bad, Bak, Bim
in complex with TQ at 10 ns of simulation.

Figure 5 shows the radius of gyration (Rg) for Bad, Bak,
and Bim in complex with TQ at 10 ns of simulations.

The variations in the secondary structures of Bad, Bak,
Bim and the values of these variations as a single molecule
and in complex with TQ are displayed in Table 2.

Discussion

The results of this study indicated that TQ with a high
binding affinity was able to affect the structure and function
of the pre-apoptotic factors Bad, Bak, and Bim. TQ at the
binding site provides the most hydrophobic bonds to the
Bad molecule, while no hydrogen bonds occurred at the
binding site. However, it seems that the Bak protein with
two hydrogen bonds and six hydrophobic bonds had more
tendency to bind to TQ (Table 1).

The simulation and MD studies on some antioxidants
showed that Gallic acid affected the Bad molecule more
compared to the other two molecules, Bak and Bim (19).
A study on the effect of carvacrol on the apoptotic factors

Figure 2. The Binding Site of TQ and Three Pre-apoptotic Factors
Bad, Bak, and Bim.
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Figure 3. Root Mean Square Deviation (RMSD) for Bad, Bak, and
Bim in complex with TQ.

Blue line: simulation without TQ, Red line: simulation with TQ.
Statistical analysis was done by independent samples t-test. Each
point represents mean+SD. The difference between the red and
blue lines was significant (P<0.001).
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Figure 4. Total Energy (TE) for Bad, Bak, and Bim in Complex with
TQ.

Blue line: simulation without TQ, Red line: simulation with TQ.
Statistical analysis was done by independent samples t test. Each
point represents mean+SD. The difference between the red and
blue lines was significant (P<0.001).
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Figure 5. The Radius of Gyration (Rg) for Bad, Bak, Bim in Complex
with TQ.

Blue line: simulation without TQ, Red line: simulation with TQ.
Statistical analysis was done by independent samples t-test. Each
point represents mean=SD. The difference between the red and
blue lines was significant (P<0.001).

of Bak, Bax, Bim, Bid, Apafl, and P38 in a simulated
environment showed that carvacrol has been able to
activate apoptotic factors in different modes (20). A study
on the effects of quercetin on pre-apoptotic factors (Bad,
Bak, and Bim) indicated that the number of hydrogenbonds
created between quercetin molecules with Bad factor was
higher compared to the two Bak and Bim factors. The
quercetin docked to Bad molecule had the lowest energy
level compared with two other factors. The mean RMSD
increased during 10 ns of simulation time for Bad and Bak
proteins in the presence of quercetin and decreased for
the Bim molecule and it was indicated that Bim had the
highest flexibility in the presence of Quercetin compared
to free molecule (21).

TQ is a powerful compound that can induce apoptosis

Table 2. The Variations in Secondary Structure of Bad, Bak, and Bim

Protein SS Coil%  Bend% Turn% A-Helix%
BAD G1 16.4 7.7 10.2 65.7
BAD-TQ G2 13.4* 7.1% 10.5 69.0*
BAK G1 22.0 10.9 7.1 60.0
BAK-TQ G2 21.0* 7.2% 8.7* 63.0*
BIM G1 12.9 8.5 6.9 71.7
BIM-TQ G2 11.8* 5.4% 7.0* 75.8%

Note. SS: stage of simulation, G1: simulation before docking, G2: simulation
after docking. Statistical analysis was done by independent samples t test.
Each point represents mean=SD. *Differences between Bad, Bak, and Bim
alone and Bad, Bak, and Bim in complex with TQ were significant (P<0.001).
*P<0.007 in comparison with G1.
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and prevent the growth of cancerous cell (22). The effect of
TQ and its antioxidant activity and molecular mechanism
on cancer cells have always attracted the attention of
researchers (23). Studies have shown that TQ affects the
mitochondrial membrane and then releases cytochrome
C, which inhibits the activity of the anti-apoptotic factors
Mcl-1 and Bcl-xl, and also increases the activity of the
apoptotic factors of Bax and AIF (24).

The MD results of this study indicated that all three pre-
apoptotic proteins Bad, Bak, and Bim have been stable at
the end of 10 ns in both the pre-docking phase and post-
docking phase in TQ binding (Figure 3). Simultaneously
with the binding of TQ and activation of apoptotic factors,
high amounts of energy have been released by the end of
the 10 nanoseconds (Figure 4). The radius of gyration (Rg)
of proteins, which is a scale to measure the availability of
active site of the protein, is changed by the bonding of TQ
to all the three Bad, Bak, and Bim factors. The amount
of Rg in binding with the Bim molecule increased, while
it decreased with the binding of TQ to the Bad and Bak
molecules (Figure 5). The increase in the amount of Rg
in the Bim molecule after binding with TQ seems to have
provided conditions for greater activity of this molecule.
The results of the MD of this study showed that the binding
of TQ to the proteins Bad, Bak and Bim produces changes
in the secondary structure of these proteins, which would
be very effective in their function (Table 2).

Conclusion

This simulated and molecular dynamic study shows that
TQ with high tendency to bind the three pre-apoptotic
factors of Bad, Bak, and Bim can induce the intense
changes in their secondary and tertiary structures. These
fundamental changes can affect their activity. It is thought
that an increase in the amount of radius of gyration causes
an increase in protein activity. Apoptotic properties of TQ
may be due to its direct effects on apoptotic factors.

Conflict of Interests
The authors declare that there is no conflict of interest.

Ethical Issues
The current article does not contain any studies with human or
animal subjects.

Authors’ Contributions

Conception and design: KGS; Data collection: JSC and EHS;
Data analysis and interpretation: EHS and SHM ; Manuscript
drafting: JSC, and SHM ; Statistical analysis: JSC.

Funding

This study was funded by the Deputy of Research and Technology
of the Shahrekord University of Medical Sciences, Shahrekord,
Iran, based on the research project number: 267.

References
1.  BrayF Ferlay ], Soerjomataram I, Siegel RL, Torre LA, Jemal

10.

11.

12.

13.

14.

A. Global cancer statistics 2018: GLOBOCAN estimates
of incidence and mortality worldwide for 36 cancers in
185 countries. CA Cancer ] Clin. 2018;68(6):394-424. doi:
10.3322/caac.21492.

Saffari-Chaleshtori J, Tabatabaiefar MA, Ghasemi-Dehkordi
P, Farokhi E, Moradi MT, Hashemzadeh-Chaleshtori
M. The lack of correlation between TP53 mutations and
gastric cancer: a report from a province of Iran. Genetika.
2017;49(1):235-46. doi: 10.2298/gensr1701235s.
Saffari-Chaleshtori J, Heidari-Sureshjani E, Moradi F,
Heidarian E. The effects of thymoquinone on viability, and
anti-apoptotic factors (BCL-XL, BCL-2, MCL-1) in prostate
cancer (PC3) cells: an in vitro and computer-simulated
environment study. Adv Pharm Bull. 2019;9(3):490-6. doi:
10.15171/apb.2019.058.

Gali-Muhtasib HU, Abou Kheir WG, Kheir LA, Darwiche
N, Crooks PA. Molecular pathway for thymoquinone-
induced cell-cycle arrest and apoptosis in neoplastic
keratinocytes. Anticancer Drugs. 2004;15(4):389-99. doi:
10.1097/00001813-200404000-00012.

Ali BH, Blunden G. Pharmacological and toxicological
properties of Nigella sativa. Phytother Res. 2003;17(4):299-
305. doi: 10.1002/ptr.1309.

Badary OA, Taha RA, Gamal el-Din AM, Abdel-Wahab
MH. Thymoquinone is a potent superoxide anion scavenger.
Drug Chem Toxicol. 2003;26(2):87-98. doi: 10.1081/dct-
120020404.

El Gazzar M, El Mezayen R, Marecki JC, Nicolls MR,
Canastar A, Dreskin SC. Anti-inflammatory effect
of thymoquinone in a mouse model of allergic lung
inflammation. Int Immunopharmacol. 2006;6(7):1135-42.
doi: 10.1016/j.intimp.2006.02.004.

Gali-Muhtasib H, Ocker M, Kuester D, Krueger S, El-Hajj
Z, Diestel A, et al. Thymoquinone reduces mouse colon
tumor cell invasion and inhibits tumor growth in murine
colon cancer models. J Cell Mol Med. 2008;12(1):330-42.
doi: 10.1111/j.1582-4934.2007.00095.x.

Kaseb AO, Chinnakannu K, Chen D, Sivanandam A,
Tejwani S, Menon M, et al. Androgen receptor and E2F-1
targeted thymoquinone therapy for hormone-refractory
prostate cancer. Cancer Res. 2007;67(16):7782-8. doi:
10.1158/0008-5472.can-07-1483.

Ivankovic S, Stojkovic R, Jukic M, Milos M, Milos M,
Jurin M. The antitumor activity of thymoquinone and
thymohydroquinone in vitro and in vivo. Exp Oncol.
2006;28(3):220-4.

El-Mahdy MA, Zhu Q, Wang QE, Wani G, Wani AA.
Thymoquinone induces apoptosis through activation of
caspase-8 and mitochondrial events in p53-null myeloblastic
leukemia HL-60 cells. Int ] Cancer. 2005;117(3):409-17. doi:
10.1002/ijc.21205.

Banerjee S, Padhye S, Azmi A, Wang Z, Philip PA, Kucuk
O, et al. Review on molecular and therapeutic potential of
thymoquinone in cancer. Nutr Cancer. 2010;62(7):938-46.
doi: 10.1080/01635581.2010.509832.

Woo CC, Kumar AP, Sethi G, Tan KH. Thymoquinone:
potential cure for inflammatory disorders and cancer.
Biochem Pharmacol. 2012;83(4):443-51. doi: 10.1016/j.
bcp.2011.09.029.

Ouyang L, Shi Z, Zhao S, Wang FT, Zhou TT, Liu B, et al.
Programmed cell death pathways in cancer: a review of

8 Avicenna ] Pharm Res, Volume 1, Issue 1, 2020


https://doi.org/10.3322/caac.21492
https://doi.org/10.2298/gensr1701235s
https://doi.org/10.15171/apb.2019.058
https://doi.org/10.1097/00001813-200404000-00012
https://doi.org/10.1002/ptr.1309
https://doi.org/10.1081/dct-120020404
https://doi.org/10.1081/dct-120020404
https://doi.org/10.1016/j.intimp.2006.02.004
https://doi.org/10.1111/j.1582-4934.2007.00095.x
https://doi.org/10.1158/0008-5472.can-07-1483
https://doi.org/10.1002/ijc.21205
https://doi.org/10.1080/01635581.2010.509832
https://doi.org/10.1016/j.bcp.2011.09.029
https://doi.org/10.1016/j.bcp.2011.09.029

Saffari Chaleshtori et al

15.

16.

17.

18.

19.

apoptosis, autophagy and programmed necrosis. Cell Prolif.
2012;45(6):487-98. doi: 10.1111/j.1365-2184.2012.00845.x.
Engel T, Henshall DC. Apoptosis, Bcl-2 family proteins and
caspases: the ABCs of seizure-damage and epileptogenesis?
Int J Physiol Pathophysiol Pharmacol. 2009;1(2):97-115.
Shamas-Din A, Brahmbhatt H, Leber B, Andrews DW.
BH3-only proteins: Orchestrators of apoptosis. Biochim
Biophys Acta. 2011;1813(4):508-20. doi: 10.1016/j.
bbamcr.2010.11.024.

Wen X, Lin ZQ, Liu B, Wei YQ. Caspase-mediated
programmed cell death pathways as potential therapeutic
targets in cancer. Cell Prolif. 2012;45(3):217-24. doi:
10.1111/j.1365-2184.2012.00814.x.

Project E, Nachliel E, Gutman M. Force field-dependent
structural divergence revealed during long time simulations
of Calbindin d9k. ] Comput Chem. 2010;31(9):1864-72. doi:
10.1002/jcc.21473.

Saffari-Chaleshtori ], Heidari-Sureshjani E, Moradi F, Jazi
HM, Heidarian E. The study of apoptosis-inducing effects of
three pre-apoptotic factors by gallic acid, using simulation
analysis and the comet assay technique on the prostatic
cancer cell line PC3. Malays ] Med Sci. 2017;24(4):18-29.
doi: 10.21315/mjms2017.24.4.3.

20.

21.

22.

23.

24.

Saffari-Chaleshtori ], Heidari-Sureshjani E, Reisi E
Tabatabaiefar MA, Asadi-Samani M, Zamanian N, et al.
Damage intensity of carvacrol on prostatic cancer cells
lineDu145 and molecular dynamic simulation of it effect
on apoptotic factors. International Journal of PharmTech
Research. 2016;9(6):261-73.

Saffari-Chaleshtori J, Heidari-Soreshjani E, Asadi-Samani
M. Computational study of quercetin effect on pre-apoptotic
factors of Bad, Bak and Bim. ] Herbmed Pharmacol.
2016;5(2):61-6.

Kus G, Ozkurt M, Kabadere S, Erkasap N, Goger G,
Demirci . Antiproliferative and antiapoptotic effect of
thymoquinone on cancer cells in vitro. Bratisl Lek Listy.
2018;119(5):312-6. doi: 10.4149/bll_2018_059.

Kamble SS, Gacche RN. “Evaluation of anti-breast cancer,
anti-angiogenic and antioxidant properties of selected
medicinal plants” Eur ] Integr Med. 2019;25:13-9. doi:
10.1016/j.eujim.2018.11.006.

Zhang M, Du H, Huang Z, Zhang P, Yue Y, Wang W, et al.
Thymoquinone induces apoptosis in bladder cancer cell via
endoplasmic reticulum stress-dependent mitochondrial
pathway. Chem Biol Interact. 2018;292:65-75. doi: 10.1016/].
cbi.2018.06.013.

Avicenna J Pharm Res, Volume 1, Issue 1, 2020 9


https://doi.org/10.1111/j.1365-2184.2012.00845.x
https://doi.org/10.1016/j.bbamcr.2010.11.024
https://doi.org/10.1016/j.bbamcr.2010.11.024
https://doi.org/10.1111/j.1365-2184.2012.00814.x
https://doi.org/10.1002/jcc.21473
https://doi.org/10.21315/mjms2017.24.4.3
https://doi.org/10.4149/bll_2018_059
https://doi.org/10.1016/j.eujim.2018.11.006
https://doi.org/10.1016/j.cbi.2018.06.013
https://doi.org/10.1016/j.cbi.2018.06.013

