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Abstract: In this study, a computational analysis was performed to evaluate the 

therapeutic potential of 73 compounds from Lippia alba as candidates for gastric 

cancer treatment. Most compounds exhibited low toxicity, except for 4-

methylpent-2-enolide and β-acorenol, which demonstrated significant toxic 

effects. Molecular docking studies revealed that (Z)-nerolidol and 13-hydroxy-

valencene both bind to the BCL2 protein, a key regulator of apoptosis in cancer 

cells. Furthermore, ADMET analysis predicted that both compounds are non-

toxic. Molecular dynamics simulations showed that only (Z)-nerolidol 

maintained a stable interaction with domain 4 of BCL2, specifically with the 

critical Lys17 residue, which is essential for BCL2's inhibitory function. 

QM/MM calculations confirmed the formation of hydrogen bonds between (Z)-

nerolidol and Lys17, Ile14, and Ser49, with an estimated binding energy of 

−62.47 kJ mol-1, suggesting a stable protein-ligand complex. These findings 

support the potential of (Z)-nerolidol as a lead compound for BCL2 inhibition 

and highlight its promise as a novel therapeutic agent for gastric cancer. 

Keywords: Lippia alba; molecular docking; molecular dynamics; ONIOM; PM6. 

INTRODUCTION 

Gastric cancer is a malignant disease that originates from the uncontrolled 

growth of cells lining the stomach, along with the loss of their ability to undergo 

apoptosis, a crucial process for eliminating abnormal cells.1 This disease has a 

significant impact on public health,2–4 and is the fourth most frequent type of 

cancer and the second leading cause of death worldwide.3 The high mortality rate 

and increasing incidence of gastric cancer underscore the urgent need to improve 

existing treatments.4–6 Current therapeutic options include radical surgery, 

chemotherapy, radiation therapy, targeted therapy, and immunotherapy.4–6

Although these approaches have demonstrated effectiveness, particularly in the 

early stages of the disease, they are associated with significant limitations,7,8 
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including adverse effects,9–11 highlighting the need to develop more selective and 

less toxic therapies. In this sense, an understanding of the molecular mechanisms 

that initiate and drive the progression of gastric cancer may help us to improve the 

treatments.12 

It has been identified that the overexpression of the BCL-2 protein, associated 

with resistance to apoptosis and tumor development, has emerged as a key 

therapeutic target in gastric cancer treatment.13 BCL-2 plays a fundamental role in 

regulating apoptosis, and its inhibition could promote cell death in cancerous cells. 

The BH3 domain of BCL-2 facilitates the formation of heterodimers with pro-

apoptotic proteins like BAX, thereby inhibiting apoptosis, while the BH4 domain 

(residues 1 to 34) neutralizes other pro-apoptotic proteins and interacts with 

apoptosis regulators such as Raf-1, c-Myc, and the IP3R channel.13 This interaction 

is crucial because BCL-2 inhibits the opening of the IP3R channel, reducing the 

release of Ca²⁺ and, consequently, apoptosis mediated by this ion.13 Additionally, 

it has been suggested that the substitution of Lys17 in the BH4 domain of BCL-2 

is essential for its binding and inhibition of IP3R, making Lys17 a key site for 

studying BCL-2 inhibition.13 Therefore, focusing on the BH4 domain of BCL-2 

presents a novel strategy, in contrast to the traditional inhibition of the BH3 

domain.13 Some studies even suggest that removing the BH4 domain from BCL-2 

could turn it into a pro-apoptotic protein, similar to BAX.13 This finding has driven 

the investigation of natural agents that may target the BH4 domain of BCL-2 as a 

potential therapeutic strategy. Accordingly, several molecular-level studies have 

been carried out to identify natural compounds with the potential to inhibit BCL-

2.14–18 These studies have shown that certain natural compounds can effectively act 

as treatments, either independently or in combination with other therapies, 

demonstrating promising results in the fight against gastric cancer. 

In particular, metabolites from the plant Lippia alba have attracted attention 

due to their cytotoxic properties and ability to selectively induce the death of tumor 

cells.19,20 Lippia alba, a shrub from the Verbenaceae family, is traditionally used 

to treat gastric and intestinal diseases and has sedative properties. The composition 

of Lippia alba essential oils varies depending on the part of the plant used, the 

developmental stage, and geographical conditions such as soil type and climate.21

It has been shown that the essential oils of Lippia alba have a cytotoxic effect, 

particularly by affecting the lipid metabolism of tumor cells.19 In addition to their 

action on the BCL-2 protein, these natural compounds could become effective 

therapeutic agents, either independently or in combination with other treatments.1

However, although the therapeutic potential of Lippia alba against gastric cancer 

and its relationship with BCL-2 have been documented, the precise mechanism 

through which the plant's metabolites inhibit the protein remains unknown at the 

molecular level. Therefore, identifying the specific molecular interactions of these 

compounds with BCL-2 would allow for the prediction and evaluation of their 
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biological activity in the therapeutic context. In this regard, the application of 

ligand–receptor binding thermodynamics in drug discovery and computational 

chemistry constitutes a valuable tool for addressing this challenge.22–25

Thermodynamic analysis of binding offers critical insights into the forces 

governing the formation of drug–target complexes.22,23 There is now broad 

consensus that binding thermodynamics can serve as a key criterion throughout the 

various stages of ligand optimization in the development of novel therapeutic 

candidates.22–25 Thus, the present study analyzes the metabolites identified in 

Lippia alba using binding thermodynamics criteria and computational tools such 

as ADMET studies, Lipinski's rules, molecular docking, molecular dynamics, and 

QM/MM methods, with the goal of identifying metabolites that may bind to the 

BH4 domain of the BCL-2 protein. 

METHODOLOGY 

In this study, we analyzed 73 metabolites from Lippia alba,26,27 as potential inhibitors of 

the BCL-2 protein. The metabolites included are: (1) β-selinene, (2) (3Z)-hexenal, (3) (Z)-

Isocitral, (4) (Z)-nerolidol, (5) 13-hydroxy-valencene, (6) 14-hydroxy-9-epi-(E)-

Caryophyllene, (7) 1-methylcyclohexa-1,3-diene, (8) p-Menth-1-ene, (9) 4-methyl-2,3-

dihydro-2H-pyran-6-one, (10) 5-Methylene-2-norbornene, (11) α-humulene, (12) Allo-

Aromadendrene epoxide, (13) α-Pinene, (14) α-terpinene, (15) β-acorenol, (16) β-

caryophyllene, (17) β-chamigrene, (18) β–elemene, (19) β-Phellandrene, (20) β-pinene, (21) 

Camphene, (22) Caryophyllene oxide, (23) Cis-piperitol, (24) Cis-Pinocarvyl acetate, (25) Cis-

sabinene hydrate acetate, (26) Cis-ß-guaiene, (27) E-Salvene, (28) Ethyl pent-4-enoate, (29) 

Eugenol, (30) Eugenol acetate, (31) Exo-2-Norborneol, (32) Geranial, (33) Geraniol, (34) 

Geranyl acetate, (35) Geranyl butanoate, (36) Geranyl isobutanoate, (37) Geranyl formate, (38) 

Germacrene D, (39) Khusimol, (40) Ledol, (41) Limonene, (42) Limonene aldehyde, (43) 

Linalool, (44) Mesitylene, (45) Methyl eugenol, (46) Methyl geranate, (47) 1-methylcyclohexa-

1,4-diene, (48) Myrcene, (49) Myrcenol, (50) Neoisodihydro carveol, (51) Neral, (52) Nerol, 

(53) o-Cymene, (54) p-Cymene, (55) Santalone, (56) Santolina triene, (57) Terpinolene, (58) 

Thuja-2,4(10)-diene, (59) Trans piperitol, (60) Trans-ascaridol glycol, (61) Trans-

dihydrocarvone, (62) Trans-Piperitone epoxide, (63) Trans-verbenyl acetate, (64) Trans-β-

pterpineol, (65) Tricyclene, (66) Valencene, (67) γ-Cadinene, (68) γ-Elemene, (69) γ-eudesmol, 

(70) γ-terpinene, (71) γ-terpineol, (72) δ-selinene, (73) δ-elemene. These metabolites were 

retrieved from PubChem,28 and their IUPAC names and molecular structures are shown in Table 

S-1 of the supplementary material. The target protein, BCL-2, was obtained from the RCSB 

Protein Data Bank,29 with the ID IG5M,30. Lipinski’s rule of five,31 and ADMET (Absorption, 

Distribution, Metabolism, Excretion, and Toxicity) parameters,32 for all 73 metabolites were 

calculated using the SwissADME, 33 (Daina et al., 2017) and ADMETlab32 web servers, 

respectively. Molecular docking studies were conducted using the SwissDock server,34

developed by the Swiss Institute of Bioinformatics (SIB). The compounds were evaluated based 

on their binding affinity (∆G), and their interactions with protein residues were visualized using 

Chimera.35 Molecular dynamics (MD) simulations were performed using GROMACS 

software.36 A quantum mechanics/molecular mechanics (QM/MM) study was conducted to 

evaluate the electronic contributions to ligand–residue binding through the ONIOM 

methodology (Our own N-layered Integrated molecular Orbital and Molecular mechanics).37

All quantum calculations presented in this work were carried out using the Gaussian 09 
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software,38 and visualized with the GaussView package.39 A list of the symbols used in this 

work is provided in Table S-2 of the supplementary material 

RESULTS AND DISCUSSION 

Analysis of metabolites according to Lipinski's rule of five and ADMET parameters 

The calculation of Lipinski's Rule of Five for the 73 metabolites evaluated 

showed that 53 of them met the established criteria of the rule. However, the 

remaining 20 metabolites violated the condition of logP ≤ 4.15, suggesting possible 

difficulties in terms of lipophilicity and, therefore, absorption; see Table S-3 in 

supplementary material. Furthermore, ADMET (Absorption, Distribution, 

Metabolism, Excretion, and Toxicity) parameter simulations were performed for 

all 73 metabolites using the SwissADME33 and ADMETlab32 platforms. The 

results indicate that, in general, the 73 compounds meet at least four of the five 

ADMET parameters, which reinforces their potential as drug candidates. However, 

it is important to mention that some metabolites showed unfavorable results in 

particular parameters. For example, (6) 14-hydroxy-9-epi-(E)-Caryophyllene 

displayed an unfavorable distribution profile, which could hinder its bioavailability 

in the body. On the other hand, (9) 4-Methyl pent-2-enolide showed considerable 

toxicity, being potentially carcinogenic and corrosive to the skin and eyes. A 

similar profile was observed for (15) β-acorenol, which also presented adverse 

results related to toxicity, which is a critical factor to consider during the selection 

process of metabolites for drug development. 

Active site prediction on 1G5M 

Drug efficacy often depends on binding to specific protein sites, traditionally 

identified from static structures. However, this approach overlooks protein 

dynamics. Cryptic pockets, transient or hidden cavities revealed through 

conformational changes, can be uncovered using molecular dynamics simulations, 

offering new targets for drug development.40 Cryptic pockets can be identified 

using advanced methods such as molecular simulations, artificial intelligence, or 

high-resolution experimental techniques.40 In this study, we conducted a 

comparative analysis to identify binding sites in the static structure of the BCL-2 

protein (PDB ID: 1G5M) and contrasted them with cryptic pockets predicted using 

deep neural networks. The active sites of the static BCL-2 structure were predicted 

using the PrankWeb server (https://prankweb.cz/),41 which identified six 

potential binding sites (Figure 1a). Each of these predicted pockets exhibited 

varying probabilities of ligand binding, with pocket 1 showing the highest 

probability (0.326), followed by pockets 2 (0.134), 3 (0.087), 4 (0.039), 5 (0.033), 

and 6 (0.033). In terms of binding affinity, pocket 1 demonstrated the highest score 

(6.10), followed by pockets 2 (3.52), 3 (2.79), 4 (1.94), 5 (1.81), and 6 (1.80). 

These scores indicate predicted binding strength, with higher values suggesting 

stronger ligand interactions. This pattern supports the hypothesis that pocket 1 is 

A
cc
ep
te
d 
m
an
us
cr
ip
t

https://prankweb.cz/


LIPPIA ALBA ANTICANCER COMPOUND STUDY 5 

the most biologically relevant binding site. Here, it is important to note that the 

BH4 domain (residues 1–34) has some overlap with pocket 1. However, residue 

Lys17, located in this domain and experimentally shown to be essential for IP3R 

inhibition,13 is not included in any of the pockets identified in the static structure. 

The cryptic pockets of BCL-2 were predicted using the PocketMiner server 

(https://pocketminer.azurewebsites.net/), which employs deep neural networks 

to predict where transient pockets may form during molecular dynamics 

simulations.40 The results are shown in Figure 1b, where residues highlighted in 

red and blue correspond to regions with high probabilities of cryptic pocket 

formation. Importantly, these regions are located within the BH4 domain, 

indicating a potential functional role for this domain in ligand binding. Two main 

subregions were identified: pocket 1a and pocket 1b. Notably, pocket 1b overlaps 

with static pocket 1, while pocket 1a includes Lys17 which is an experimentally 

validated key residue involved in IP3R inhibition. 

Figure 1. Active sites on 1G5M a) static structure b) cryptic sites. 

Binding analysis of Lippa alba metabolites with 1G5M through a molecular docking study. 

Molecular docking studies were performed using the SwissDock server34, 

developed by the Swiss Institute of Bioinformatics (SIB). This server 

automatically assigns docking parameters, such as box size and affinity evaluation 

methods, employing a rigid-flexible docking approach. Prior to docking, the 

protein structure was prepared by removing all solvent molecules and receptor-

binding chemicals to focus the docking process on the protein’s essential 

interaction sites. The compounds were assessed based on their binding affinity 

(∆G), and their interactions with protein residues were visualized using Chimera.35

These visualizations provide valuable insights into how metabolites interact with 

the target protein, aiding in the identification of potential inhibitors. To further 
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explore the role of metabolite structure in inhibiting BCL-2 for the treatment of 

gastric cancer, the optimal ligand/protein configuration and binding affinities of 

each metabolite were evaluated. This analysis is essential for understanding how 

structural variations in metabolites influence their ability to effectively interact 

with BCL-2, which is critical for therapeutic development. Furthermore, 

evaluating the binding affinity helps to identify metabolites with higher therapeutic 

potential for BCL-2 inhibition, thereby contributing to the development of more 

effective treatments for gastric cancer. The binding free energy (∆G) values for the 

73 compounds analyzed are presented in Figure 2. Metabolite (9), 4-methylpent-

2-enolide, exhibits the strongest binding affinity with a ∆G of -31.13 kJ mol-1, 

followed by compound (5), 13-hydroxy-valencene (∆G = -30.29 kJ mol-1), and 

compound (4), (Z)-nerolidol (∆G = -30.25 kJ mol-1). It is noteworthy that 4-

methylpent-2-enolide specifically binds to the BH4 domain of BCL-2, interacting 

with residue LYS17 within pocket 1a, as shown in Figure 1a. In contrast, 

compound (4) binds within pocket 1, while compound (5) is also located in the 

BH4 domain, near pocket 1a. From a pharmacological perspective, compound (4) 

has been widely reported for its anti-inflammatory, antioxidant, and antimicrobial 

properties,26,27 making it a promising candidate for future therapeutic applications. 

Similarly, compound (5) exhibits antioxidant and anti-inflammatory activities and 

interacts directly with residue Lys17. In contrast, no known therapeutic properties 

have been reported for compound (9). Furthermore, ADMET analysis indicates 

that this metabolite has significant toxicity, being potentially carcinogenic and 

corrosive to skin and mucous membranes, which severely limits its therapeutic 

potential. At the molecular level, both compounds (5) and (9) display similar 

interactions with Lys17, including hydrogen bonds, π-alkyl, and π-sigma 

interactions, reinforcing the importance of this residue as an active site within the 

BH4 domain. However, compound (4), despite binding outside pocket 1a and 

within pocket 1, does so in a region that represents the most accessible binding site 

in the static structure, although it initially does not establish direct interactions with 

Lys17. Collectively, these findings suggest that compounds (4) and (5) possess 

greater therapeutic potential compared to compound (9), as they not only exhibit 

favorable binding affinity but also interact with key regions of BCL-2 associated 

with functional inhibition. Moreover, compounds (4) and (5) exhibit binding 

energies comparable to that of baicalin with BCL2 (−38.5 kJ mol⁻¹), as reported in 

previous in silico studies, highlighting their potential as anticancer agents. This 

supports their potential development as effective BCL-2 inhibitors for future 

research.42 The dissociation (Kd) and binding (KB) constants were evaluated for 

compounds (4) ((Z)-nerolidol) and (5) (13-hydroxy-valencene), respectively. The 

dissociation constant is related to the standard Gibbs free energy change according 

to the following equation:43,44 
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𝐾d = e
∆B𝐺

0

RT  (1) 

In contrast, the binding constant (KB) is the inverse of the dissociation constant 

and is calculated as:43,44 

𝐾B = e−
∆B𝐺

0

RT  (2) 

Based on the binding free energy values, which were −30.23 kJ·mol⁻¹ for (Z)-

nerolidol and −30.30 kJ·mol⁻¹ for 13-hydroxy-valencene, the Kd and KB values 

were determined. For (Z)-nerolidol, Kd was 5.11 × 10⁻⁶ M and KB was 1.96 × 10⁵ 

M⁻¹; whereas for 13-hydroxy-valencene, the values were 4.96 × 10⁻⁶ M and 2.02 

× 10⁵ M⁻¹, respectively. The negative ΔGB values for both compounds indicate that 

the binding is spontaneous and thermodynamically favorable. Moreover, the 

dissociation constants (Kd) in the low micromolar range suggest a moderately high 

affinity between (Z)-nerolidol and 13-hydroxy-valencene and BCL2. The slight 

difference observed between the two compounds suggests that 13-hydroxy-

valencene has a slightly higher affinity (lower Kd and higher KB), which may be 

attributed to minor structural variations that enhance its interaction with the active 

site. These values of Kd and KB evaluated in this work fall within the range reported 

for BCL2 inhibition.30,45 

Figure 2. ΔBG of binding between Lippia alba metabolites and 1G5M. 
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Analysis of the stability of compounds 13-hydroxy-valencene, and (Z)-nerolidol in complex 
with 1G5M through a molecular dynamics study. 

To analyze the stability of compounds (Z)-nerolidol and 13-hydroxy-

valencene binding to the BH4 domain of BCL-2 and its interaction with Lys17, 

molecular dynamics (MD) simulations were performed using the GROMACS 

software.36 These simulations were set up by constructing a simulation box with a 

1 Å margin, ensuring charge neutrality, and adding water molecules (TIP3P model) 

to fill the system, which was centered within a cubic box. Initially, energy 

minimization was performed to achieve the most stable conformation, ensuring a 

reasonable starting structure in terms of geometry and solvent orientation. The 

system was then subjected to two stages. The first one stage was performed under 

an NVT ensemble, allowing the system's temperature to stabilize at 300 K. The 

second stage involved pressure equilibration under an NPT ensemble for 1 ns. The 

stability of the BCL-2 complexes with (Z)-nerolidol and 13-hydroxy-valencene 

was evaluated throughout the 100 ns simulation. Figure 3 shows the RMSD vs. 

simulation time graphs for these compounds. In the case of BCL2-13-hydroxy-

valencene, it was displaced from pocket 1a; initially, some interactions with Lys17 

at the first nanoseconds were observed; however, at the simulation proceeded, 

these interactions were lost, and the compound migrated to another site different 

from those schematized in Figure 1. For complex BCL2-(Z)-nerolidol, the system 

exhibited an important fluctuation of approximately 0.8 nm at 7 ns, after which it 

remained stable until 100 ns. At 7 ns, compound (Z)-nerolidol migrates and binds 

from pocket 1 to pocket 1a and remains stable to 100 ns. The interactions of this 

complex are detailed in Table 1, where it can be observed that there is stable 

binding with the active site Lys17 during 100 ns. These results suggest that (Z)-

nerolidol has more therapeutic possibilities than 13-hydroxy-valencene. 
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Figure 3. RMSD plots from molecular dynamics simulations of the 1G5M-ligand complexes 

involving compounds (Z)-nerolidol and 13-hydroxy-valencene. 

Table 1. Residues interacting with compound (Z)-nerolidol during the molecular dynamics 

simulation at selected time points. Only residues within interaction distance (<4.0 Å) were 

included. 

t / ns Residues 

0 His20, Tyr21, His94, Val93, Ile14, Tyr9, Lys17, Tyr18 

10 His20, Val93, Ile14, Tyr9, Lys17 

20 His20, Val93, Ile14, Tyr9, Lys17 

30 His94, Val93, Tyr9, Lys17 

40 His20, His94, Val93, Ile14, Tyr9, Lys17 

50 His94, Val93, Ile14, Tyr9, Lys17, Tyr18 

60 His94, Val93, Ile14, Tyr9, Lys17 

70 Tyr21, His94, Val93, Ile14, Tyr9, Lys17 

80 Tyr 21, His94, Ile14, Tyr9, Lys17, Tyr18  

90 His20, His94, Val93, Ile14, Tyr9, Lys17, Tyr18 

100 His20,Tyr21,His94,Val93,Ile14,Tyr9,Lys17 

Also, it was observed stable and persistent interaction between (Z)-nerolidol 

and residues Lys17, Ile14, Tyr9, Val93, and His94 throughout the molecular 

dynamics simulations. Interactions with Lys17 and Ile14 engage in hydrogen 

bonding, while Tyr9 contributes through π-alkyl interactions. Both types of 

interactions appear to play a critical role in maintaining the integrity of the ligand-

protein complex. 
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Analysis of the molecular interactions between (Z)-nerolidol and 1G5M through ONIOM 
quantum calculations. 

The molecular dynamics study revealed that compound (Z)-nerolidol remains 

stable within pocket 1a of the BCL2 protein, forming predominant interactions 

with residues Lys17, Ile14, Tyr9, Val93, and His94. To further characterize these 

interactions and understand their electronic basis, a hybrid QM/MM study was 

performed. Due to the size of the protein–ligand system, which makes a full 

quantum mechanical treatment computationally impractical, the ONIOM 

methodology was employed.37 This approach enables accurate modeling of the 

active site region while maintaining a reasonable computational cost. In the applied 

ONIOM model, both the ligand and the residues directly involved in the active site 

interactions (Lys17, Ile14, Tyr9, Val93, and Ser49) were included in the high-level 

quantum mechanical (QM) region, while the rest of the system was treated using 

molecular mechanics (MM) (Figure 4). Here, it is important to mention that the 

selection of the theoretical levels for the QM and MM regions is fundamental for 

accurately calculating the properties of interest. In this context, density functional 

theory (DFT) calculations, while generally more accurate than semiempirical 

methods, can become computationally prohibitive when attempting to analyze 

noncovalent interactions in detail, particularly in large or flexible molecular 

systems such as protein-ligand complexes. In this sense, the literature reports that, 

for biomolecular systems or noncovalent complexes, semiempirical methods can 

provide reasonably accurate results at a fraction of the computational cost of 

DFT.46 However, the deviations from experimental data are greater when using 

semiempirical methods than with DFT.47 Considering the advantages of PM6 in 

reproducing experimental trends at a lower computational cost compared to DFT, 

in the present work the system geometry was optimized using the semiempirical 

PM6 method for the quantum mechanical region,48 and the Universal Force Field 

(UFF) for the molecular mechanics region.49 This combination of these theoretical 

levels has proven suitable and accuracy for describing the structural and electronic 

features of novel metal–Schiff base complexes derived from allylamine, as well as 

their interactions with human serum albumin, in the context of anticancer drug 

discovery.50 As a result of the geometry optimization, a network of non-classical 

hydrogen bonds and π–alkyl interactions was identified between (Z)-nerolidol and 

several key residues within the binding site of 1G5M. Detailed analysis revealed 

an intramolecular hydrogen bond of 2.3 Å between the carbonyl oxygen atom of 

Lys17 and a hydrogen atom belonging to a methyl group of the (Z)-nerolidol 

moiety, indicative of a C–O···H–C interaction. Although such interactions are 

generally weaker than classical hydrogen bonds, they can significantly contribute 

to ligand conformational stability and binding specificity.51 A second C–O···H–C 

interaction was observed between the carbonyl oxygen of Lys17 and a hydrogen 

atom attached to carbon 4 of (Z)-nerolidol. Additionally, the carbonyl oxygen of 
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Ile14 forms a weaker hydrogen bond (O···H, 2.4 Å) with a hydrogen atom from 

the methyl group at position 7 of (Z)-nerolidol. This interaction, also classified as 

a C–H···O non-classical hydrogen bond, is predominantly electrostatic in nature,51

but still plays a relevant role in orienting the ligand within the binding pocket. A 

longer and weaker intramolecular hydrogen bond was observed between the 

carbonyl oxygen of Ser49 and the hydrogen atom at carbon 9 of the ligand, with a 

distance of 3.2 Å. This interaction is also mainly electrostatic, and while it 

contributes modestly to the overall binding affinity, it still supports the spatial 

orientation of the ligand.51 These interactions were visualized using Discovery 

Studio Visualizer,52 and are depicted in Figure S-1 in the supplementary material. 

Also, a π–alkyl interaction was identified between the π-electron cloud of the 

aromatic ring of Tyr9 and the terminal methyl group of (Z)-nerolidol, with a 

contact distance of 3.1 Å. Additional alkyl interactions were found between the 

methyl group of (Z)-nerolidol and Val93, with distances of 2.4 and 2.6 Å, 

respectively. A further alkyl interaction was observed between the methyl group 

of (Z)-nerolidol and His94, at a distance of 2.1 Å, involving hydrogen atoms from 

the ligand’s methyl group and the imidazole ring of the residue. The binding 

energy (EB)was evaluated from these ONIOM calculations through the following 

equation: 

𝐸𝐵 = 𝐸𝑐𝑜𝑚𝑝𝑙𝑒𝑥 − (𝐸𝑝𝑟𝑜𝑡𝑒𝑖𝑛 + 𝐸𝑙𝑖𝑔𝑎𝑛𝑑) (3) 

The Ecomplex is -5.531177 hartrees, Eprotein=-5.41322 hartrees and Eligand = 

0.094161 hartrees. Thus, the EB=-0.023796 hartrees or -62.48 kJ mol-1. This value 

indicates a favorable interaction and suggests the formation of a stable complex 

between BCL2 and compound (4), supporting its potential as an inhibitor. 
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Figure 4. ONIOM model applied to the BCL2-(Z)-nerolidol complex. The high-level (QM) 

region includes the ligand and key residues Lys17, Ile14, and Ser49. Hydrogen bond distances 

are shown in Å. 

CONCLUSION 

In this study, 73 metabolites present in the plant Lippia alba were evaluated, 

which were analyzed using Lipinski's rules and ADMET properties to assess their 

potential as drugs and their toxicity. Of these 73 compounds, molecular docking 

revealed that the compounds (Z)-nerolidol and 13-hydroxy-valencene interact with 

the Lys17 residue, identified as essential for binding and inhibition of IP3R in the 

BH4 domain of BCL-2. The molecular dynamics study indicated that only the 

compound (Z)-nerolidol maintains a stable binding with Lys17 for 100 ns. In 

particular, (Z)-nerolidol showed stable and specific interactions with key residues, 

which was confirmed through ONIOM calculations. These results support its 

potential as a lead candidate for the development of BCL2 inhibitors and justify its 

experimental evaluation in future studies. 
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И З В О Д 

РАЧУНАРСКА СТУДИЈА ЗА ИДЕНТИФИКАЦИЈУ МЕТАБОЛИТА У LIPPIA ALBA

СПОСОБНИХ ДА ИНХИБИРАЈУ РАК ЖЕЛУЦА ПУТЕМ ИНХИБИЦИЈЕ BCL-2 ПРОТЕИНА 

LUIS H. MENDOZA-HUIZAR 

Universidad Autónoma del Estado de Hidalgo, Academic Area of Chemistry, Carretera Pachuca-Tulancingo 

Km. 4.5, CP. 42184. Mineral de la Reforma, México. 

У овој студији спроведена је рачунарска анализа како би се проценио терапеутски 
потенцијал 73 једињења из биљке Lippia alba као потенцијалних кандидата за лечење рака 
желуца. Већина једињења има ниску токсичност, изузев 4-метилпент-2-енолида и β-
акоренола, који имају значајне токсичне ефекте. Докинг анализа показала је да се (Z)-
неролидол и 13-хидрокси-валенцен везују за BCL-2 протеин, кључни регулатор апоптозе у 
ћелијама карцинома. Додатно, ADMET анализа је предвидела да су оба једињења 
нетоксична. Молекулска динамика је показала да само (Z)-неролидол одржава стабилну 
интеракцију са доменом 4 протеина BCL-2, посебно са критичним Lys17 остатком, који је 
од суштинске важности за инхибиторну функцију BCL-2. QM/MM прорачуни су потврдили 
формирање водоничних веза између (Z)-неролидола и аминокиселинских остатака Lys17, 
Ile14 и Ser49, са процењеном енергијом везивања од −62.47 kJ mol⁻¹, што указује на
стабилан протеин-лиганд комплекс. Ови резултати указују на потенцијал (Z)-неролидола 
као водећег једињења за инхибицију BCL-2 и истичу његов значај као новог терапеутског 
агенса за лечење рака желуца. 

(Примљено 7. јуна; ревидирано 30. марта; прихваћено 4. августа 2025.) 
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