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      In this work, the interactions of the crocin and dimethylcrocetin (DMC) as anti-cancer drugs with the Dickerson DNA model was 
investigated. Molecular dynamic simulations of Crocin, DMC and DNA composed of twelve base pairs and a sequence of the 
d(CGCGAATTCGCG)2 were executed for 25 ns in water.  Binding energy analysis for each of the complexes in three definite parts of B-
DNA showed that Van der Waals interactions have a dominant contribution in energy values. Crocin-DNA interactions are greater than 
those of DMC-DNA, due to a longer Π-conjugation. The most probable interactions were detected by Gibbs energy analysis, indicating that 
the stabilizing interactions of the DNA with crocin and DMC are located in the major and minor grooves of the DNA, respectively. In the 
case of DMC, the binding energy of the A-T rich sequence is more than that of G-C which is different from crocin. Radial distribution 
function analysis showed that two sharp peaks of the CO…NH and HO…OC parts, during the complex formation at 2.16 Å and 2.28 Å, 
could be assinged to the new hydrogen bond formation between DMC and crocin with DNA, respectively. Also, non-classical H-bonds 
were investigated by considering the CH group of the drug and OC/NC groups of DNA that play an important role in the stability of the 
DNA in the corresponding complex. 
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INTRODUCTION 
 
      The biological role of the natural products has been 
widely proven in declining the risk of cancer and delaying 
carcinogenesis on the human and animal models [1-5]. 
Today, there is a great interest to examine the role of 
different plant species and their derivatives in reducing 
tumor formation [4,6]. Saffron and its related carotenoids 
have been widely used in recent years because of their 
biomedical properties, especially as anticancer [7-13]. 
Experiments show the effect of saffron and its main 
ingredients on the treatment of several types of cancer [7]. 
      Using experimental techniques, volatile and bitter 
compounds such as safranal and carotenoid derivatives of 
crocetin have been identified in the saffron dried stigma, 
having the pharmacological effects [14]. The most important  
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parts of the saffron stigma are carotenoids of crocetin and 
crocin [15,16], which are inhibitors for the cancer cells [17] 
and free radicals [18-20]. Findings on the crocin and 
dimethylcrocetin effects in the biosynthesis of DNA and 
RNA, using DNA marker derived from Leukemia P388 
cells indicate that both compounds suppress the synthesis of 
DNA and RNA [21]. 

      In 2011, Perveen et al. reported the results of a joint 
experimental and theoretical study on the antheracycline 
anti-cancer drugs, such as doxorubicin, dctinomycin, 
daunorubicin, epirubicin and mitoxantrone [22]. The 
docking results were analyzed and compared with 
experimental data to understand the nature of these 
interactions with DNA. Also, the stability of drug-DNA 
complexes was discussed through the intercalation and 
groove binding mechanisms. 
      In 2014, Sarwar and colleagues studied esculetin 
interactions  with  calf thymus  DNA  as an anti-cancer [23].  
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They investigated the binding mode of the drug-DNA 
complex using various spectroscopic techniques, melting 
point and viscosity measurements, and thermodynamic 
parameters calculations. These analyses showed that 
hydrophobic interactions and hydrogen bonds are the 
driving force of the binding process. They also claimed that 
esculetin interacts with the minor groove of ct-DNA. 
      In 2007, Bathaie et al. investigated the interaction of the 
saffron carotenoids with ct-DNA using the spectroscopic 
techniques [24]. The obtained results confirmed the non-
intercalative carotenoids coupling to a small groove, 
without binding restriction to the GC or AT sequence.  
      In 2017, Silva group studied the interaction of anti-
cancers of pterocarpan with ct-DNA using the molecular 
docking, molecular dynamic and experimental methods 
[25]. On the basis of different analyses, they proposed that 
the interaction of hydrophobic compounds in the DNA 
groove plays an important role in coupling. 
      Accordingly, to discover some parts of the unknown 
mechanism aspects of the drug-DNA interaction, this 
research was performed on the crocin-DNA and DMC-DNA 
complexes using a MD simulation approach. Moreover, a 
knowledge of the interaction mechanism is of great 
importance to design new efficient drugs in cancer 
treatment 
      Although several hypotheses have been developed to 
determine the mechanism of action of the saffron based on 
the carotenoid activity, the molecular aspects of anti-cancer 
and anti-tumor effects of the saffron and its derivatives are 
unknown. Therefore, more precise studies are needed to 
control carcinogenesis using the modified drugs obtained 
from these compounds [26].  
      Due to some disadvantages of available analytical 
techniques to study the interactions of DNA with small drug 
molecules, such as high cost and low sensitivity [27,28], 
analyzing the intermediate structures by the molecular 
dynamic simulations could be a practical way to increase 
our understanding of the drug properties and the mechanism 
under which drug molecules interact with DNA [29-31]. 

 
Molecular Dynamic Simulation Details 
      All MD simulations were accomplished in water  
utilizing the Amber 14.0 software package [32]. Amber 
force field of ff14SB [33]  and  general  Amber  force  fields  

 
 
(GAFF) [34] were employed for DNA and drugs, 
respectively. Chemical structure of the crocin and 
dimethylcrocetin, Fig. 1, was optimized, at B3LYP/6-31G 
(d,p) level [35,36], using the G09 computational package 
[37]. 

     The initial skeleton of B-DNA was created by the 
Abalone software [38]. B-DNA is a right-handed double-
stranded helix of DNA that was determined first by Watson 
and Crick [39]. This form of DNA is the most common 
DNA helix conformation under physiological conditions 
[40]. After designing the B-DNA, total charge neutrality 
was achieved by addition of 50 cations of Na+. Mass 
unrestraint (non-rigidity) and the solvated model of the 
compound-DNA were achieved in the presence of 11075 to 
15111 water molecules within TIP3P potential for the 
simulation of water, in which three-site model has three 
interaction points corresponding to the three atoms of water 
molecule. These potential functions supply a logical 
description of the liquid water that is useful in the 
simulation of chemical systems of water [41]. Each site has 
a point charge, and the corresponding site to the oxygen 
atom also has the Lennard-Jones parameters. Since three-
site models produce a high computational efficiency, they 
are widely used in MD simulations [41,42]. 

      Energy minimization of drug-DNA complexes was 
implemented in 40000 cycles. Then, each structure was 
heated in an NVT ensemble from 0 to 300 K for 2000 ps.  
All simulations on the complexes were performed in three 
regions (S1, S2 and S3), as shown in Fig. 2. On the basis of 
the obtained data, minimization energies related to S1, S2 
and S3 for crocin, are -281.83, -260.33, -260.98 kcal mol-1 

and -241.24, -324.21, -300.744 kcal mol-1, for  
dimethylcrocetin, respectively. 
      The obtained data for each complex were used as input 
for the equilibration step, during the 1000 ps in an NPT 
ensemble (300 K and 1 bar). MD simulations of the 
products were done for 25 ns in an NPT ensemble using a 
1fs time step. Periodic boundary conditions, using Ewald 
summation [43,44], were used for calculating the long-range 
electrostatic interactions in 8 Å direct space cut off. Since 
Particle Mesh Ewald (PME) method offers several 
advantages, such as high accuracy, continuity and efficiency 
for the treatment of long-range forces in macromolecular 
systems   [45],   this   method   coupled   with   the   periodic 
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Fig. 1. Optimized structures of crocin (A) and dimethylcrocetin (B) at B3LYP/6-31G (d,p) level of theory;  
                          H, O and C atoms are in white, red and blue colors, respectively. 

 

 

Fig. 2. Three definite regions of B-DNA, named as S1, S2 and S3 after 25 ns simulation. 
 



 

 

 

Izadyar et al./Phys. Chem. Res., Vol. 6, No. 4, 825-838, December 2018. 

 828 

 
 
boundary conditions was used for calculating the long-range 
electrostatic interactions. To control the temperature of the 
systems with a collision frequency of 2 ps-1 and a pressure 
relaxation time of 2 ps in an NPT ensemble, Langevin 
thermostat was used [46,47]. 

      Gibbs energy of binding for each 1:1 drug-DNA 
complex was calculated, using the molecular mechanics 
generalized-Born surface area (MM-GBSA) method as 
performed in Amber Tools 13.0 [48-50]. In this method, 
molecular mechanics energies combined with the Poisson-
Boltzmann or Generalized Born50 and surface area 
continuum solvation methods have been employed to 
estimate the interaction energy and correlation coefficients 
of small ligands binding to biological macromolecules 
[51,52]. Harmonic approximation of translational, rotational 
and vibrational conformational entropies were applied by 
the normal mode analysis program of the MM-PBSA 
package [50-53]. In MM/PBSA or MM/GBSA, binding free 
energy (ΔGbind) of the ligand-receptor in the complex is 
calculated using the Eq. (1) [54], 
 
      ΔGbind = ΔEMM + ΔGsol - TΔS                                       (1) 
 
where ΔEMM is the changes of the gas phase MM energy, 
ΔGsol is the solvation Gibbs energy, and in the final TS 
term, T is the absolute temperature and S is the entropy 
obtained by normal mode analysis of the vibrational 
frequencies. ΔEMM is obtained using Eq. (2), 
 
      ΔEMM = ΔEinternal + ΔEelectrostatic + ΔEvdw                        (2)   
 
where Einternal, Eelectrostatic and Evdw are the internal energy 
terms obtained from the bonded, electrostatic and van der 
Waals interactions, respectively. Solvation Gibbs energy is 
calculated according to Eq. (3), 
 
      ΔGsol = ΔGPol + ΔGnp                                                    (3) 
 
where ΔGpol and ΔGnp are the polar and nonpolar 
contributions of the solvation free energy, respectively. 
Nonpolar contribution of the solvation free energy was 
calculated by nonpolar solvation term based on the solvent-
accessible surface area (SASA) [55]. The nonpolar 
contribution to the solvation free energy is  related  to cavity  

 
 
formation and van der Waals interactions between the solute 
and the solvent, in which solvent-accessible surface area is 
directly correlated with ΔGnp. according to Eq. (4) [55],   
 
      ΔGnp = γ SASA+ b                                                       (4) 
 
where γ is the surface tension proportionality constant and b 
is a constant. 
 
RESULTS AND DISCUSSION 
 
      Molecular dynamic simulations of the considered 
structures (DNA, crocin-DNA, DMC-DNA) in water were 
carried out for 25 ns. Theoretical calculations were 
performed on a nanostructure model of DNA, consisting of 
twelve base pairs, d[CGCGAATTCGCG]2 and 40 Å in 
length. This part of DNA is known as the Dickerson 
dodecamer that has been already considered as a DNA 
model [56]. 
      In all MD simulations, three specific regions of B-DNA, 
S1, S2 and S3 were considered as the most probable 
interaction sites from the thermodynamic point of view (Fig. 
2). According to Fig. 2, it is confirmed that the chosen 
regions are in the minor (S1, S3) and major S2 grooves of 
the B-DNA. 

      To investigate the structural stability of DNA, crocin-
DNA and DMC-DNA complexes, root mean square 
deviation (RMSD) values for the heavy atoms of C, N and P 
of DNA and complexes were calculated in water, during the 
25 ns MD simulation (Figs. 3A and 4A). This analysis is a 
measure of average distance between the atoms, usually the 
backbone atoms of the superimposed macromolecules [57]. 
These calculations were performed on the initial geometries 
obtained from the MD trajectory as shown in Figs. 3 and 4. 
Based on the values reported in these figures, the degrees of 
fluctuation are low during the simulation, demonstrating a 
suitable stability of the DNA, crocin-DNA and DMC-DNA 
complexes in water (Figs. 3A, 4A). The stability was 
confirmed by the radii of gyration (Rg) analysis for the 
drug-DNA complex (Figs. 3B and 4B). Maximum RMSD 
values of DNA, crocin-DNA and DMC-DNA complexes 
are 0.41, 0.77, 0.99 nm, respectively. According to the 
higher RMSD values, DMC-DNA complex is less stable 
than  crocin-DNA  in  water,  due to polar solvent effects on  
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the polar groups of the drug. This means that dipole 
moments of crocin and DMC are 15.03D and 0.16 D, 
respectively, confirming a higher stability of the drug in 
crocin-complex in polar solvent such as water, in 
comparison with DMC-DNA. Rg analysis of the  DNA  and 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
each complex was done in water.  
      Maximum Rg values of DNA, crocin-DNA and DMC-
DNA are 2.55, 2.42, 2.56 (nm), respectively, indicating that 
the distance between different units of the DMC-DNA 
complex  is  higher  than  that  of  crocin-DNA  in  water.  A  

 

Fig. 3. Calculated RMSD (A) and Rg (B) values of crocin-DNA and DNA as a function of time during 25 ns  
                       at S2 region. 
 
 

 

Fig. 4. Calculated RMSD (A) and Rg (B) values of DMC-DNA and DNA as a function of time, during 25 ns 
                       at S3 region. 
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   Table 1. Calculated  Total  Gibbs  Energy of  Binding and  Entropy  at Different Regions of Crocin-DNA and DMC- 
                 DNA Complexes by GB Method 
 

Complex Parameter   Region Average value Standard deviation Standard  error of mean 

ΔG 
(kcal mol-1) 

S1 

S2 

S3 

-24.1 
-64.6 
-44.9 

 

2.94 
2.80 
2.90 

0.42 
0.40 
0.40 

 

 

 
crocin-DNA 

ΔS 
(cal mol-1 K-1) 

S1 

S2 
S3 

 

-32.6 
-45.1 
-35.2 

1.06 
1.31 
0.77 

0.33 
0.41 
0.24 

ΔG 
(kcal mol-1) 

S1 

S2 

S3 
 

-25.2 
-30.4 
-33.1 

1.63 
2.07 
2.44 

0.23 
0.29 
0.35 

 

 

 

DMC-DNA 
ΔS 

(cal mol-1 K-1) 
S1 

S2 
S3 

-26.8 
-29.6 
-22.5 

1.78 
1.35 
2.76 

0.56 
0.43 
0.88 

 
 

 
Fig. 5. The snapshot of  crocin-DNA interactions at the major groove of S2, (A) and DMC-DNA interactions  

                     at the minor groove of S3, during  the 25 ns MD simulation. 
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greater value of Rg demonstrates that the complex structure 
is less compact.  
      A major disadvantage of using the PB method in 
comparison with GB is low precision, (Low standard 
deviation) [58,59], therefore Gibbs energies and entropies 
were calculated using the GB method and are reported in 
Table 1. Stabilizing interactions, obtained by ΔG 
calculations, demonstrated that maximum and minimum 
interactions for crocin-DNA complex are related to S2 and 
S1 regions, respectively, and the corresponding values are   
-64.6, -24.1 kcal mol-1, in these regions. In the case of 
DMC-DNA complex, interaction energies are -33.1, -25.2 
kcal mol-1 concerning to the S3 and S1 regions, 
respectively. This means that the most probable interaction 
sites of DNA with crocin and DMC are located in the major 
and minor grooves of DNA, respectively. Since crocin is 
almost a large molecule, further interactions occur in the 
major groove of DNA. Figure 5 shows the equilibrated 
drug-DNA structure after 25 ns MD simulation. All 
snapshots of the configurations were obtained using the 
VMD package [60]. 

      Moreover, on the basis of trajectory analysis of the drug 
in the mediocre sequence of DNA (Fig. 5) and Gibbs energy 
values,  calculated  at  different  regions, it is verified that in 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
the case of DMC complex, the binding energy of the A-T 
rich sequence is more than that of G-C sector. Therefore, 
DMC binds to the AT-rich region, similar to curcumin, 
lafutidine and crocetin drugs [61,62,31], while the most 
important interactions in crocin are related to A-T rich and 
C-G rich regions. Total entropies calculated verified the 
complexation process during the simulation time. 
      To investigate the effect of hydrogen bond on the 
stability of the DNA structure during the complexation, 
hydrogen bond analysis was performed. Figure 6 
demonstrates the results of the H-bonding in the isolated 
DNA, crocin-DNA, and DMC-DNA complexes. According 
to the calculations, average hydrogen bond number in the 
isolated DNA and DNA in the crocin-DNA, DMC-DNA 
complexes is 8.84, 8.72 and 8.67, respectively. This means 
that the interaction of DMC with DNA decreases the 
stability of the DNA structure, while the average number of 
H-bonding of the crocin-DNA and DMC-DNA is 14.42, 
8.67, respectively. These results totally make sense, because 
in the case of crocin-DNA, RMSD and Rg values are lower 
due to a higher number of hydrogen bonding. On the basis 
of results calculated, the number of H-bonds in the complex 
increases in comparison with the isolated DNA, therefore 
the  complex  structure  of  the DMC-DNA is less stable. On  

 

Fig. 6. H-bonding analysis of the  isolated DNA and crocin-DNA (A) and DMC-DNA (B) complexes during the  
                25 ns simulation. 
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the basis of Al-Otaibi and coworkers’ studies, crocin acts an 
anticancer compound, because the number of hydrogen 
bonds of the interaction site with DNA is greater.63 
Obtained MD data are in good agreement with the IC50 
values reported in experimental studies [64]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

      Figure 7 indicates the radial distribution functions 
(RDF) of the CO…NH and HO…OC parts during the 
complex formation. Two sharp peaks at 2.16 Å and 2.28 Å 
are related to the new hydrogen bond formation between 
DMC   and    crocin    with  DNA,  respectivily.  Also,  non- 

 

Fig. 7. RDF diagrams of the NH group of DNA with the CO group of the DMC and CO and OC groups 
                      of DNA with the OH group of crocin after 25 ns MD simulation. 

 
 

 

Fig. 8. RDF diagrams of the NC and OC groups of the DNA with the CH group of DMC (A) and the CO  
                    and NC groups of DNA with the CH group of  crocin (B) after 25 ns MD simulation. 
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classical H-bonds of CH…OC and CH…NC were analyzed 
as shown in Fig. 8. This type of H-bond was reported, 
previously [65,66]. Two sharp peaks at 2.65 Å and 2.85 Å, 
and also two sharp peaks at 2.54 Å are related to the  
unusuall  intermolecular H-bond interactions between DMC 
and crocin with DNA that play an important role in the 
stability of DNA in the complex. 
      Different parts of binding energy for two complexes 
were calculated using the GB method, and are reported in 
Table 2. Comparison between the different contributions of 
the binding energy shows the dominant performance of van 
der Waals interactions. The interaction value for crocin is 
greater than that for DMC, and the most important 
interactions are related to the phenyl ring and the reciprocal 
O, N and H atoms between the crocin and DNA, during the 
25 ns MD simulation. Polar solvents such as water have the 
highest hydrophilic interaction with the isolated components 
and  complex  leading  to  reduce  the   electrostatic  energy.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Therefore, the anticancer effect of the both drugs can be 
correlated with the van der Waals and hydrogen bonding 
interactions that are greater in the case of crocin. 
 
CONCLUSIONS 
 
      In this research, molecular dynamic simulations were 
used to investigate the interaction of crocin and DMC with 
the B-DNA model. The 25 ns MD simulations of the 
complexes in water show that the crocin-DNA complex is 
more stable in water than DMC-DNA, because of the great 
value of RMSD in water in the major groove of DNA. Rg 
analysis shows that theoretical distance between the 
different units of the complexes in DMC-DNA is lower than 
that of crocin-DNA, because a larger Rg value demonstrates 
that the complex structure is lees compact. Trajectory 
analysis of the compound in the mediocre, and Gibbs 
energy values calculated at different regions verify that the 
binding energy of the A-T rich sequence is more than that of  

Table 2. Binding Energy Ingredients (kcal mol-1) Calculated by GB Method, During the 25ns MD Simulation 
 

Complex Parameter Average value Standard deviation Standard error of mean 

 

 

 

Crocin-DNA 

 

ΔEvdw 

ΔEele 

ΔEGB 

ΔEsurf 

ΔGgas 

ΔGsol 

S1       S2      S3 

-69.8   -82.2  76.1 

-11.3  -13.4  -13.7 

23.5    41.0    52.7 

-7.01  -10.0   -7.8 

-58.6  -95.6  -89.8 

16.5    31.1    45.0 

S1       S2         S3 

2.92     2.64     2.51 

9.83    4.63     7.70 

9.61     4.71     8.10 

0.22     0.28     0.24 

10.19   5.92    8.15 

9.59     4.65    8.02 

S1           S2         S3 

0.41        0.37     0.35 

1.39        0.65      1.08 

1.36        0.67      1.14 

0.03       0.04       0.03 

1.44       0.84       1.15 

1.36        0.66     1.13 

 

 

 

DMC-DNA 

ΔEvdw 

ΔEele 

ΔEGB 

ΔEsurf 

ΔGgas 

ΔGsol 

-30.5   -35.6  48.9 

0.7      1.2      2.9 

9.0      9.1    18.0 

-4.4    -5.1    -5.1 

-29.8  -34.4  -46.0 

4.6      4.0     12.8 

1.76     2.04    2.29 

0.97     0.68     1.99 

0.74     0.72     2.14 

0.23     0.20     0.15 

1.84     2.09     2.87 

0.66     0.64     2.07 

0.25       0.29      0.32 

0.14      0.10      0.28 

0.19      0.10      0.30 

0.03      0.03      0.02 

0.26      0.29      0.41 

0.09      0.09      0.29 
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the G-C sector in DMC. Therefore, DMC binds to the AT-
rich region, similar to curcumin, lafutidine and crocetin. The 
most important interactions in the crocin are from one side 
to the A-T rich region, and from the other side to the G-C 
rich region. Calculated total entropies verified the 
complexation process during the simulation time. H-bond 
analysis shows an improvement in the number of H-bonds 
in the crocin-DNA complex relative to the isolated DNA, 
therefore the complex structure of the crocin-DNA is more 
stable. It is reasonable to conclude that crocin acts an 
anticancer drug because the number of hydrogen bonds is 
greater. The obtained MD data are in good agreement with 
the IC50 results in the experimental studies. Finally, on the 
basis of different analyses, a correlation between the anti-
cancer effects of these drugs and hydrogen bond 
interactions is predictable. 
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