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ABSTRACT 

In the present, study we analyzed the electronic properties of Steviol, the Stevia rebaudiana metabolite, and its interaction with antiapoptotic protein BCL-2. The 

ionization potential and electrophilicity index values were evaluated in the framework of the DFT, and these values suggest that Steviol may form ligand-receptor 

interactions. Also, the bond dissociation energy and the electrostatic potential distribution of Steviol reveal its antioxidant behavior. Docking studies were performed 

to evaluate the feasibility of this molecule to interact with antiapoptotic protein BCL-2. However, no hydrogen bonds were found in the pocket site, instead six 

interactions, including alkyl and π-alkyl type were formed, suggesting that the possible most feasible mechanism for anticancer activity would be through free radicals 

scavenging.  
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1. INTRODUCTION 

Cancer has become one of the leading causes of death worldwide1,2. Some 

studies indicate that obesity and high caloric intake may be associated with 

different types of cancer including, breast, and hormone related ones2,3. The main 

drawback of actual oncology medication includes severe side effects, and non-

specificity on cancer cells. Therefore, the development of new therapies is 

needed1,3. Literature shows that around 75% of new anticancer drugs are 

extracted or made from natural products3. For example, the ethanolic extract of 

the Stevia leaves is able to significantly inhibit the proliferation of carcinogenic 

cells compared to the oncology drug 5,-fluoro uracil 1; while its methanolic 

extract exhibits preventive activity and antioxidant potential against DNA strand 

scission by •OH4. In this sense, Steviol (Figure 1) is the Stevia’s major metabolite 

being produced as a result of the enzymatic hydrolysis done by the microflora in 

the intestine5. Although a study in human lymphocyte cells showed cytotoxic, 

mutagenic, cytotoxic effects of stevia6, several other toxicological studies show 

Steviol as a safe compound with low acute oral toxicity in mice7. Many other 

benefits of Steviol that have been reported include immunomodulatory, anti-

inflammatory, diuretic, anti-hypertensive, anti-hyperglycemic, antioxidant and 

anti-tumor activity3–5. Moreover, it has been reported that Steviol is active against 

gastrointestinal cancer in 6 cell types and against breast cancer in MCF-7 cells 
1,3. Steviol significantly inhibits gastrointestinal cancer cell proliferation by 

inducing G1 cell cycle arrest and mitochondrial apoptosis, as evidenced by the 

increased Bax/Bcl-2 ratio1. Although, some studies suggest that the cell-type 

specificity is due to the presence of reactive oxygen species (ROS)5; to the best 

of our knowledge, there is not reports concerning the molecular mechanisms, 

which explain these inhibitory effects. Thus, in this study, Steviol was 

characterized using quantum chemical descriptors and its possible antioxidant 

properties were evaluated. Also, molecular docking studies were performed to 

study the possible interaction and inhibition that may occur between Steviol and 

antiapoptotic protein BCL-28 to get insights about the molecular mechanism 

related to the Steviol anticancer activity. 

 
 

Figure 1. 2D and 3D structure of Steviol. 

2. EXPERIMENTAL 

2.1 Computational methods 

The electronic properties of Steviol were evaluated in the framework of the 

density functional theory. The molecule was extracted from the Pubchem 

database9 and drawn using GaussView 0510. Steviol was optimized employing 

the Minnesota Global Hybrid functional M062X11, the dispersion-corrected 

Becke’s three-parameter formulation B3LYP-D312, and the long-range 

dispersion-corrected hybrid functional ωB97XD 13–15, in combination with the 

triple zeta valence basis set 6-311+G(d,p) as implemented in Gaussian 16 

program suite16. Water was chosen as solvent using the polarizable continuum 

model (PMC) with the solvation model density (SMD)17,18. The optimized 

conformers were further utilized to construct the frontier molecular orbitals and 

molecular electrostatic potential surfaces. Furthermore, the Highest Occupied 

Molecular Orbital (HOMO), and the Lowest Unoccupied Molecular Orbital 

(LUMO) energy values were calculated and the energy gap evaluated (equation 

1)19. The global quantum mechanical descriptors used in this study were 

electronegativity (χ) electron affinity (EA), ionization potential (IP), chemical 

softness (σ) and hardness (η), and electrophilicity index (ω). They were 

calculated using equations 2-719,20. 

ΔE = ELUMO – EHOMO (1) 

EA = -ELUMO  (2) 

IP = -EHOMO  (3) 

ƞ = 
𝛥𝐸

2
  (4) 

σ = 
1

ƞ
  (5) 

χ= 
(𝐼𝑃 + 𝐸𝐴)

2
  (6) 

ω = 
𝜒2

2ƞ
 (7) 

In order to evaluate the Steviol’s antioxidant activity, a hydrogen atom was 

subtracted from the hydroxyl group in Steviol to evaluate the homolytic bond 

dissociation Gibbs free energy, at the B3LYP-D3/6-311+G(d,p) level of theory. 

Thus, the structure of Steviol without the hydrogen atom and that with the 

hydrogen atom and an unpaired number of electrons were optimized, and its free 

energy evaluated. Then, the bond dissociation free energy (HBD) was calculated 

through equation (8). 

HBD = Esteviol – (EH + Edeprotonated steviol) (8) 
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Finally, a docking study was performed between Steviol, steviolbioside, and 

antiapoptotic protein BCL-2. Steviolbioside was downloaded from the Drugbank 

database21. The receptor chosen for this study was the structure of Human 

antiapoptotic protein BCL-2 expressed in Escherichia coli obtained using NMR, 

and downloaded from the RCSB Protein Data Bank (PDB=1GJH)8,22. Autodock 

tools23 and Pymol24 were used for the preparation of structures, which includes 

polar hydrogen addition, deletion of cofactors and water molecules. CB-Dock25 

was first used for the binding cavity identification. Then, docking calculations 

were performed by using Autodock VINA26  by reducing the calculation box to 

the active site. Also, a default exhaustiveness, a 1 Å spacing, and full ligand 

flexibility was set. Pymol was used for 3D visualization of the docking results 

and Lig plus+27 for 2D analysis. 

3. RESULTS AND DISCUSSION 

Frontier molecular orbitals facilitate the knowledge about electrophilic and 

nucleophilic properties of the molecular systems via interaction between the 

occupied and unoccupied molecular orbitals (MOs). Figure 2 shows the HOMO 

and LUMO of Steviol. The first characteristic found was that LUMO and HOMO 

are located in different molecular regions of the molecule. LUMO is located on 

the carboxylic acid while HOMO is on the hydroxyl group at the other end of the 

structure. This characteristic has been found in molecules with good binding 

properties, suggesting that this type of acceptor-donor characteristic is key for a 

ligand-receptor binding28,29.  

 

LUMO 

 

HOMO 

Figure 2. Frontier Molecular Orbitals of Steviol. 

Chemical reactivity of Steviol may be well understood with the help of 

electrostatic potential surfaces. In Figure 3, the highest electrostatic potential 

region is observed over the hydroxyl units present carboxylic arm and at the C13 

position, which indicates their ability to donate electron easily to scavenge the 

free radicals. The oxygen atoms present in the hydroxyl unit on both sides of the 

molecule possess lowest electrostatic potential energy due to its valence 

electrons. 

 

Figure 3. Electrostatic Potential surface of Steviol. 

The energy gap between the HOMO and the LUMO are 6.8 eV (B3LYP-D3), 

10.6 eV (ωB97XD) and 8.6 eV (M062X). This energy difference is due to the 

different dispersion correction considered in these functionals. Furthermore, as 

ωB97XD also consider interaction between distant atoms using a long-range 

empirical correction, the HOMO and LUMO energies values are usually higher. 

Table 1. Quantum descriptors for Steviol in electronvolts (eV) at the different 

levels of theory. 

 B3LYP-D3 ωB97XD M062X 

HOMO -6.8 -8.9 -8.3 

LUMO -0.3 1.7 0.4 

ΔE 6.4 10.6 8.6 

IP 6.8 8.9 8.3 

EA 0.3 -1.7 -0.4 

χ 3.5 3.6 3.9 

ƞ 3.2 5.3 4.3 

σ 0.3 0.2 0.2 

ω 2.0 1.2 1.8 

Table 1 reports the values of the global molecular descriptors calculated for 

Steviol using the three different functionals. From this table, it is observed that 

B3LYP-D3 is the only one that predicts a negative LUMO energy value, which 

makes a direct impact in EA being the only one positive. χ and σ values found 

are similar between the three functional with values between 3.6 and 3.9 eV for 

χ and around 0.2 eV for σ. Although IP, ƞ, and, ω present differences between 

the three functional used, the values found suggesting good donor properties 

more than acceptor ones. 

On the other hand, for the docking study, CB dock was first used to find the 

most feasible site of binding between BCL-2 and the two stevia compounds, 

Steviol and steviolbioside. Results show that from the 5 binding sites predicted, 

the ones with most affinity are located at different positions. This result was then 

compared with the crystal structure of Homo sapiens BCL-2 complexed with 

oncologic drug Venetoclax, and with a N-heteroaryl sulphonamide inhibitor30,31. 

Interestingly, none of the binding sites predicted by CB-dock matched at the site 

of action of co-crystalized inhibitors (Figure 4). Therefore, the three binding sites 

were chosen to redock Steviol, steviolbioside, and the N-heteroaryl 

sulphonamide inhibitor. Table 2 shows the grid box parameters for each site, and 

the docking scores obtained from the docking calculation. Site 1 is N-heteroaryl 

sulphonamide inhibitor binding site, while site 2 and 3 are the ones found with 

CB-dock for steviolbioside, and Steviol respectively. 
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Figure 4. Best pose for the interaction of Steviol (green) and steviolbioside 

(cyan) with BCL-2. Co-crystalized N-heteroaryl sulphonamide inhibitor is 

shown in red.  

Table 2. Docking scores (in kcal/mol) of Steviol, steviolbioside, and  

N-heteroaryl sulphonamide inhibitor against BCL-2 

 Site 1 Site 2 Site 3 

Steviol -6.7 -5.8 -6.4 

Steviolbioside -6.8 -7.2 -7.7 

N-heteroaryl sulphonamide 

inhibitor 
-7.0 -6.3 -6.1 

Grid Box 

X 16.309 9.575 -1.267 

Y -0.366 -13.439 14.314 

Z 1.513 -9.139 9.409 

Size 20 20 20 

Thus, note that these results indicate that the higher binding score for Steviol 

and N-heteroaryl sulphonamide inhibitor is located in site 1, while for 

steviolbioside in site 3. A deep analysis of the three binding sites of steviolbioside 

were done in order to understand the high docking score obtained for the three 

sites (Figure 5). 

 

Figure 5. Interaction of steviolbioside with the three binding sites. 

Figure 5 shows that at the sites 1 and 2, steviolbioside make 10 interactions, 

which include 4 hydrogen bonds (HBs), at the site 3, there are 9 interactions 

including 4 HBs. Note that the most of these interactions occur with the glucoside 

portion of the molecule. This suggests that this molecule is not selective to this 

protein, suggesting this is not its action mechanism. Furthermore, this type of 

molecules are key in targeting carbohydrate receptors being able to treat viral 

infections32,33. If one analyzes the Steviol binding sites 1 and 3 (Figure 6) it can 

be seen that in site three Steviol make 9 interactions including 3 HBs. On the 

other hand, in the site 1, it only makes 6 interactions with no HBs. Still docking 

score for site one is greater than for site 3. This suggests alkyl and π-alkyl 

interactions are strong enough to make a good binding between the ligand and 

the receptor. If the interaction is occurring in this way, then it may be possible 

for Steviol to inhibit BCL-2. 

 

 

Figure 6. Interaction of Steviol with the binding sites1 and 3. 

Finally, N-heteroaryl sulphonamide inhibitor was studied in order to 

understand the inhibition mode of BCL-2. N-heteroaryl sulphonamide inhibitor 

was docked to Site 1 to determine if the binding mode calculated resembles the 

experimental structure. Figure 7 shows the experimental structure in red and the 

docked structure in yellow. Docking results are in agreement with the 

experimental one as both structures are almost overlaid in BCL-2 active pocket. 

Getting an insight in the interactions, N-heteroaryl sulphonamide inhibitor 

interacts with 11 residues forming two HBs.  
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Figure 7. Interaction of BCL-2 and N-heteroaryl sulphonamide inhibitor. 

4. CONCLUSIONS 

The energy gap, ionization potential and ω values of Steviol suggest feasibility 

of this compound to be part of a ligand-receptor interaction. Also, the HOMO 

and LUMO distributions are located in opposite regions of the molecule, which 

has been suggested will increase the affinity in a ligand-receptor interaction. C13 

is exhibiting the highest potential region, which gives the ability to donate 

electrons to the near hydroxyl group explaining the antioxidant behavior of 

Steviol. From docking studies, it was found that Steviol highest score occupies 

the N-heteroaryl sulphonamide inhibitor pocket indicating an inhibition may be 

possible. But no HBs were found, instead six interactions, including alkyl and π-

alkyl type were formed, suggesting that the possible most feasible mechanism 

for anticancer activity would be through free radicals scavenging. 
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