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ABSTRACT

Curcumin (Cur) is a polyphenol compound with antioxidant and apoptotic effects. It can lead cells to death which is the ultimate goal in 
cancer research.
 The effect of Cur on three pro-apoptotic factors of Bad, Bak, and Bim was investigated in this molecular dynamic and molecular docking 
simulation study. The PDB files of these three factors and the 3-D structure of Cur were obtained from www.rcsb.org and PubChem, respectively. 
All files were converted to PDB files by Avogadro v.1.2 software. The water and ion environment in GROMACS 2018 simulation package 
was used to conduct molecular dynamic simulation studies. Furthermore, AutoDock v.4.2.6 software performed the docking of Cur as a ligand 
and the proteins as receptors. LigPlot+ v.4.5.3 was used to determine the hydrogen and hydrophobic bonds at the binding sites. 
 Results showed that Cur could bind to Bad with -6.58 kcal/mol binding energy. In addition, the binding of Cur to proteins induced some 
changes in molecular dynamic factors such as radius of gyration (Rg), root-mean-square deviation (RMSD), root-mean-square fluctuation 
(RMSF), binding energy (BE), estimated inhibition constant (EIC), and their secondary structures. A significant increase in Rg and RMSD and 
some variations in RMSF were seen in Bad and Bak after docking with Cur. Considering this study, Cur could bind to the proteins directly, 
induce conformational changes, and increase their likelihood of dimerization, leading to activating apoptotic pathways. These results suggested 
the apoptotic effects of Cur on cancer cells through influencing these proteins for the first time.
Keywords: Bad, Bak, Bim, Curcumin, Molecular dynamics

IntroductIon

Curcumin is an organic compound and a natural polyphenol 
product derived from the plant Curcuma longa. It has 
been used for medical purposes and dyes in foods for 
centuries.1 This compound shows its anticancer effects 
by activating apoptotic pathways in cancer cells and 
inhibiting pre-cancerous processes, including inflammation, 
angiogenesis and metastasis.2 

Annually, millions of deaths worldwide happen due to cancer. 
Despite outstanding progress that has been achieved in 
medicine, there are so many challenges that need to be dealt 
with to improve cancer therapy.3,4 For instance, considering 
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Molecular docking was performed using Autodock v.4.2.6 
software in the Linux operating system. Cur molecule was 
docked on Bad, Bak, and Bim pro-apoptotic proteins to find 
the best ligand-receptor binding sites and determine its most 
stable free energy state.17

In this study, PDBQ and PDBQT files for Cur were generated, 
and Cur was defined as a ligand. Also, the pro-apoptotic 
proteins were developed and defined these proteins as receptors. 
Molecular docking steps were then performed for each protein 
200 times independently. LigPlot+ v.4.5.3 software was used to 
determine the number of hydrogen and hydrophobic interactions 
between the pro-apoptotic proteins with the Cur molecule and 
the type and the number of amino acids involved at the binding 
site. Grapher v.19.1.288 software was used for designing the 
graphs in blue (before docking) and red (after docking).17,18

results 
Various MD factors were measured to compare Cur alone 
to Cur bound to apoptotic proteins. For instance, table 1 
demonstrates binding energy (BE), estimated inhibition 
constant (EIC), and hydrogen and hydrophobic interactions 
between Cur and the proteins. 

Based on energy, the ranking in Table 1, docking methods 
resulted in the assessment of the possible loci of Cur for 
binding pro-apoptotic proteins and showed the amino acids 
that take part in hydrogen and hydrophobic interactions. The 
lowest BE belonged to Cur-Bad, while the highest BE was to 
Cur-Bim. As shown in table 1, EIC amounts were 15.02 µM, 
8.34 µM and 54.21 µM for Bad, Bak and Bim, respectively. 

BE; Estimated Free Energy of binding (kcal/mol), EIC; 
estimated inhibition constant (μM).

Through LigPlot+ software, we estimated the sites, amino 
acids, several hydrogens, and hydrophobic interactions (Figure 
1). Cur made hydrogen bonds with Bad (through Arg136, 
Phe135, Val139, Asn132, Val131, Glu128, Leu182, and His 
181), Bak (through Pro99, Asn103, Gln98, Gln95, Leu97, 
Leu94, Tyr107, and Thr92) and Bim (Leu83, Ala15, Gly79, 
Tyr24, Tyr80, Asp19, and Lys81). Figure 1 also demonstrates 
the two-dimensional (2-D) structures of Cur-Bad, Cur-Bak, 
and Cur-Bim and their molecular interactions.

Figures 2, 3 and 4 demonstrate root-mean-square deviation 
(RMSD), the radius of gyration (Rg) and root-mean-square 
fluctuation (RMSF), respectively. The simulation of free 
Bad, Bak and Bim before docking was shown in blue. Also, 

long-term survival with specific regimens, upgrading 
regulatory endpoints for cancer immunotherapy, and 
constructive immunotherapy combinations in Early-Phase of 
cancer are some of these challenges.5

Phytochemicals (including Cur) modulate the signalling 
pathways that lead to cell cycle regulation or directly alter 
cell cycle-regulating molecules in cancer treatment.6,7 Most 
human malignancies are caused by chromosomal mutations 
or other genetic alterations that directly affect the function 
of vital cell cycle proteins and tumour suppressors such 
as cyclins and p53, respectively.8 In this regard, cell cycle 
regulation and modulation by Cur have attracted widespread 
attention in recent years. Extensive research has focused on 
the potential of chemotherapy for this compound.9-11

In some cancers, apoptosis induced by Cur can occur in 
two p53-dependent and independent pathways.12,13 Induced 
apoptosis is time and dose-dependent and is regulated by 
various signalling factors.14 In a p53-dependent way, Cur 
inhibits the expression of BCL2, which is an anti-apoptotic 
factor and increases levels of apoptotic factors such as Bax, 
Bad, Bim, and Bik in cancer cells. Whether or not a cell 
commits to cell death depends on the balance of expression 
of proteins that mediate cell death (such as Bax) and proteins 
that increase cell survival (such as BCL2).15

In this study, using different molecular dynamics and molecular 
docking software, we evaluated the changes in energy and 
structures of pro-apoptotic proteins in the presence and absence 
of Cur and compared these structures to each other. The results 
suggested the apoptotic effects of Cur on cancer cells through 
influencing Bad, Bak, and Bim for the first time.

MaterIals and Method 
The PDB file of the pro-apoptotic proteins Bad (PDB 
ID:1G5J), Bak (PDB ID: 2YV6), and Bim (PDB ID: 4B4S) 
were prepared from the protein database at www.rcsb.org. 
Molecular information and structure of Cur from PubChem 
were received and converted to PDB files using Avogadro 
v.1.2 software. The proteins were simulated in an aqueous 
solvent using GROMACS 2018 simulation package. The 
study was performed in water and salt; Na+ and Cl- ions were 
added instead of the solvent to reach the concentration of 140 
mM. The simulation time for each of the studied molecules 
was 30 nanoseconds. The simulation was performed using 
the relevant commands. The output (PDB files) was used as 
the docking input structures.16

Table 1. Various molecular dynamic factors were evaluated via GROMACS and LigPlot software.

EIC BE Hydrogen Bonds Hydrophobic interactions
Bad 15.02 µM -6.58 kcal/mol Asp137, Gly138, Tyr177 Arg136, Phe135, Val139, Asn132, Val131, Glu128, 

Leu182, His 181
Bak 18.34 µM -6.46 kcal/mol Thr100, His96, Lys110 Pro99, Asn103, Gln98, Gln95,  Leu97, Leu94, 

Tyr107,Thr92
Bim 54.21 µM -5.82 kcal/mol Lys18, Asp82 Leu83, Ala15, Gly79, Tyr24, Tyr80, Asp19, Lys81
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Fig. 1: 2-D figures of A) Cur-Bad, B) Cur-Bak, and C) Cur-Bim.
A CB

Figure 2. Root mean square deviation (RMSD); The blue lines show the RMSD of Bad, Bak and Bim before 
docking, and the red lines show the RMSD of Bad, Bak and Bim after docking with Cur.

A B C

Fig. 3: The radius of gyration (Rg); The blue lines show the Rg of Bad, Bak and Bim before docking, and the red lines show the  
Rg of Bad, Bak and Bim after docking with Cur.

A B C
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in the presence of Cur, all of these proteins after docking were 
shown in red. 

The total amount of RMSD in Bad and Bak enhanced in the 
presence of Cur while Bim was stable, and no significant 
variation was seen. RMSD in figure 2 shows a total 
enhancement of this factor in Bad and Bak after docking. In 
fact, in the presence of Cur, we can see changes in RMSD, 
which prove possible variations in the structure of apoptotic 
proteins. RMSD in Bad and Bak was quite unstable and 
changed until 10 and 15 ns, respectively, while it became 
steady afterwards (Figure 2). In Bim protein, no dramatic 
changes were seen in RMSD amounts (Figure 2). It is 
important to note that the higher the changes in RMSD, the 
more different the structure and backbone of molecules. 

In the presence of Cur, the total amount of Rg in Bad and Bak 
increased while Rg of Bim did not change noticeably. Around 
14 ns, Rg of Bad was quite unstable while it became stable 
afterwards. On the other hand, Bak-Cur decreased to around 
5 ns and hit stability. Again, Bim seemed to be steady during 

the simulation and no important variations were seen before 
and after docking (Figure 3).

Considering RMSF results in figure 4, fluctuations in all 
three proteins have changed. In both Bad and Bim increase in 
fluctuation can be seen comparing before and after docking. 
In contrast, Bak did not show significant enhancement in its 
RMSF amounts. In fact, RMSF in Bak-Cur decreased. 

The following graphs demonstrate the variations in the 
percentage of different structures in each molecule. In the 
simulation of Bad, the greatest changes in structures belonged 
to alpha-helixes with around a 3% increase, while in Bak and 
Bim, the dramatic change was related to coils. In Bak, coils 
decreased by almost 4% after docking, in contrast with Bim, 
which had about 2% of enhancement in its coils. Coils and 
alpha-helixes increased while bends, beta-sheets and turns 
decreased. However, Bak showed a reduction in coils and 
bent instead of turns and alpha-helixes, which went up. Bad 
did not contain any beta-sheets. There were no changes in 
Bim secondary structures (Figure 5).

Fig. 4: Root mean square fluctuation (RMSF); The blue lines show the RMSF of Bad, Bak and Bim before 
docking, and the red lines show the RMSF of Bad, Bak and Bim after docking with Cur.

Fig. 5: Changes in the percentage of secondary structures of (A) Bad, (B) Bak and (C) Bim before and  
after the presence of Cur.
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dIscussIon

This study confirms that Cur tends to bind Bad, Bak and Bim 
and has considerable impacts on the following molecular 
dynamic factors.

It is important to know that RMSD is the standard structural 
measure between coordinates. This factor measures the 
distance between a group of atoms like the backbone of a 
molecule. This factor can show the number of changes in 
protein structure (19). RMSF measures the average deviation 
of each atom over time from the reference position. Thus, 
the RMSF analyzes parts of the structure that fluctuate most  
(or least) from their average structure (20). Rg is used to 
measure the compaction of a structure and enables us to 
compare the difference before and after docking (21). 

RMSD factor measures the variation of proteins backbones 
from the primary normal form to its final conformation after 
docking. The deviation produced during the simulation can 
help us determine the stability of the studied proteins. The 
higher the deviations, the more unstable the structures (22). 
In this study, it is understood from the RMSD results that 
some changes were made in the backbone of molecules after 
docking. Considering the results in figure 2, the fluctuation 
of RMSD in Bad and Bak changed their structures after 
docking, but it became stable after 10 and 15 ns, respectively.

Interestingly, in Khezri et al.’s study, the RMSD of Cur 
docked with chitosan (Cur-chitosan nanoparticles) hit a 
plateau immediately after 4 ns, and afterwards, Cur was 
released after 20 ns. However, in this study, Cur stayed 
bound to Bad, Bak and Bim till the last ns of simulation 
(23). It is known that Rel A (p65) plays an enhancing role in 
apoptosis by suppressing NF-kB. In Chen et al.’s study, the 
RMSD of Cur-Rel A increased dramatically in the first 5 ns.24 
In contrast, in this study, figure 2 presented a great rise in 
RMSD of Bad-Cur after 10 ns. 

Analyzing the results of BE, Cur seemed to have a great 
tendency to bind Bad, Bak and Bim proteins. BE shows the 
amount of energy that is released when two molecules bind. 
The lower the BE of molecules, the higher their tendency 
to bind.25 It is interesting to mention that comparing BE of 
Cur on the Bad (-6.58 kcal/mol) to BE of luteolin on BCL-2 
(-6.59 kcal/mol) shows that these two materials (Cur and 
luteolin) can have the exact opposite effects on apoptosis (26). 
It is known that Bad induces apoptosis while BCL-2 blocks 
it. The same amounts of BE in these chemicals can present 
those Bad causes of apoptosis as much as BCL-2 inhibits it 
(27). It is noteworthy to consider that high binding affinity does 
not confirm the activation or suppression of the proteins. Still, 
it is simply a factor that predicts the attachment tendency of 
two materials.25

The inhibition constant demonstrates how potent an inhibitor 
is. This shows the concentration in which half of the maximum 
inhibition occurs (18). However, in the simulation studies, the 
same factor is used to show the potential of a substance to 
activate or induce changes in proteins. The results of EIC 

confirmed BE amounts and the higher tendency of Bad 
compared to the other proteins. The IC50 of Cur on various 
cancer cell lines has been studied; for example, in MCF-7 
and BT-20, the IC50 of Cur were 1.32 µM and 16.23 µM, 
respectively. At the same time, the lowest amount of EIC in 
this study was around 15 µM which belonged to Bad.28

Considering table 1, the number of amino acids contributing 
to the hydrogen and hydrophobic interactions, Bad and Bak 
seem to make stronger and more stable interactions with 
Cur than Bim. It is important to the amino acids that make 
the interactions. If a mutation changes these amino acids, 
Cur will not be effective on these proteins. Since Cur has 
antioxidant properties, it may increase cell proliferation which 
is not in the best interest of cancerous cases and can worsen 
cancer at certain concentrations.29 Also, in Zhang et al.’s  
study, Cur levelled up the number of hydrogen bonds through 
hydrophilic carbonyl, hydroxyl and methoxy groups after 
docking with myosin.30 Notably, the higher number of amino 
acids in contribution with Cur can be the reason for higher 
affinity and BE of Bad and Bak than Bim BE.
The compactness and the size of the proteins can be interpreted 
via Rg.21 This factor is also known as the atom distribution 
of a protein around its axis.32 An increase in the amount of 
Rg results in the reduction of molecular compactness. For 
example, in Farhadian et al.’s study, Curcumin was docked 
with αChymotrypsin and rose its Rg from 1.6402 nm to 
1.6531 nm.33 So it seems that in both Bad and Bak, the 
molecules became looser while Bim did not come with a 
dramatic change. Although Bad and Bak seemed to change 
after docking, Bad fluctuated much more than Bim in the first 
14ns. Fluctuation in Rg represents an important structural 
transition (34). It is important to know that an increase in Rg 
can enhance the likelihood of Cur accessing the active site 
of the molecules. Therefore, the activity of Bad and Bak will 
probably increase after binding to Cur compared to Bim, 
which did not show a dramatic change in Rg. 
RMSF measures the displacement and fluctuations of residues 
and compares them to their initial structures, and also it is 
used to find the flexible region of a protein or complex.22,35 
Considering RMSF results, the changes in the structures of 
pro-apoptotic proteins were seen in various residues after 
docking. In Bad-Cur, the biggest variation was observed 
in residue 173, while in Bak-Cur, residues 20 and 48 were 
more different than their version before docking. The changes 
in Bim-Cur happened in residues 36, around 60 and 70. In 
the presence of Cur, it seems that Bim had higher flexibility 
compared to the other Bad and Bak.   
Different secondary structures, such as coils, turns, bends, 
alpha-helices and beta-sheets, were observed in figure 5. 
Enhancing the secondary structures of proteins can increase 
the binding site regions for attaching downstream factors and 
inducing apoptosis.
In the apoptosis process, Bax and Bak’s oligomer-
ization leads to the release of cytochrome C, activation of 
initial and secondary caspases and finally, cell death.36  



Journal of Pharmaceutical Negative Results  ¦  Volume 13  ¦  Issue 3  ¦  202213

Khilowd O. Ali, et al.: Preparation of Affinity Monolithic Column for -amylase Separation

Hence, the changes in Bak structure can be a sign of its 
oligomerization. Certain alpha-helixes are exposed during 
active Bak and Bax activation to facilitate dimerization.37 
Therefore, an increase in the percentage of alpha-helix can 
be a sign of enhancing apoptosis. In contrast, although Bim 
plays the key role in apoptosis in some cases.38 in this study, 
we did not find dramatic changes in any of the molecular 
dynamic factors, including the secondary structure. In 
apoptosis, Bad gets dephosphorylated and helps Bax and 
Bak in their oligomerization.39 This work has not studied the 
phosphorylation process, but changes in secondary structures, 
specifically the alpha-helix, can be seen. In a nutshell, via the 
MD simulation, it is predicted that Cur is highly susceptible 
to binding Bad, Bak and Bim. This study showed for the first 
time that Cur changes the structure of these apoptotic proteins 
and can directly affect cell death.

conclusIon 
According to this study, Cur could bind with a high tendency 
to Bad, Bak and Bim directly, induce conformational changes 
and increase their likelihood of dimerization, which leads 
to activating apoptotic pathways. These results confirmed 
the apoptotic effects of Cur on cancer cells. This study 
predicts that the apoptotic properties of Cur could be due 
to its molecular dynamic-related effects on the mentioned 
pro-apoptotic proteins.
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