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ABSTRACT  Article History 

The escalating global antimicrobial resistance (AMR) crisis drives the search for novel 

antibacterial compounds from underexplored sources. This study aimed to evaluate the 

broad-spectrum and anti-multi-drug resistant (MDR) activity of a Lysinibacillus isolate from 

Indonesian peat soil, identify its bioactive compound, and perform an in silico 

pharmacological profiling. Methods included antibacterial activity testing using the Kirby-

Bauer disc diffusion assay against MDR and non-MDR pathogens, compound identification via 

Gas Chromatography-Mass Spectrometry (GC-MS), and prediction of ADMET properties, drug-

likeness, and molecular docking simulations against DNA gyrase subunit B using various in 

silico platforms. Results demonstrated that the Lysinibacillus sp. supernatant exhibited broad 

inhibitory activity, including against MRSA (inhibition zone of 16.16mm) and ESBL-producing 

E. coli (11.76mm). GC-MS analysis identified 2,4-Di-tert-butylphenol (2,4-DTBP) as the primary 

compound. In silico profiling revealed that 2,4-DTBP complied with all Lipinski's rules, 

possessed low toxicity (LD₅₀ 700mg/kg), a favourable pharmacokinetic profile (92% intestinal 

absorption, no inhibition of CYP450 enzymes), and strong binding affinity to DNA gyrase (-

5.9kcal/mol). In conclusion, 2,4-DTBP from Lysinibacillus sp. is a promising antibacterial 

candidate, with a predicted mechanism of action via DNA gyrase inhibition, supported by an 

excellent in silico pharmacological profile for further development. 

 

Keywords: Lysinibacillus, Antimicrobial resistance, 2,4-Di-tert-butylphenol, ADMET, GC-MS, 

DNA gyrase. 

Article # 25-535 

Received: 09-Sep-25 

Revised: 05-Dec-25 

Accepted: 25-Dec-25 

Online First: 09-Jan-26 

 

 

INTRODUCTION 

 

 The escalating crisis of antimicrobial resistance (AMR) 

represents one of the most formidable challenges to 

global health in the 21st century. A new World Health 

Organization (WHO) report, drawing on data from over 23 

million confirmed infections across 110 countries (WHO, 

2025). The persistent emergence and spread of Multi-Drug 

Resistant (MDR) pathogens, particularly the ESKAPE 

organisms (Enterococcus faecium, Staphylococcus aureus, 

Klebsiella pneumoniae, Acinetobacter baumannii, 

Pseudomonas aeroginosa and Enterobacter species), have 

severely eroded the efficacy of existing antibiotic arsenals. 

Pathogens have developed diverse resistance mechanisms, 

including drug efflux systems, antibiotic-degrading 

enzymes, and alterations in drug target sites, which 

complicate treatment efforts (Ranganathan et al., 2024; 

Sakalauskienė et al., 2025). This alarming trend, coupled 

with a severely limited pipeline of new antibacterial 

compounds, underscores the urgent and unmet need to 

discover novel compounds with unique mechanisms of 

action to combat these resilient pathogens. 

 Extreme and underexplored environments, such as 

deserts, permafrost, deep-sea sediments, and peat soils, 

have become focal points for the bioprospecting of new 

antibiotics. This exploration extends to diverse biological 

sources, including plants, animals, and microbes, which 

produce a vast array of defensive and competitive 

compounds. These ecological niches often harbour unique 

microbial communities adapted to survive harsh conditions, 
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driving them to produce a diverse array of specialized 

secondary metabolites as a competitive strategy 

(Mahdiyah et al., 2019, Mukti, 2024; Ranganathan et al., 

2024). Indonesian peat soil, characterized by high acidity, 

low nutrient content, high water and organic matter 

content, and anaerobic conditions, represents an extreme 

ecosystem (Sayed et al., 2020; Khoerani et al., 2023; Manalu 

et al., 2024; Mohamad et al., 2024) The immense microbial 

diversity within peatlands, including Proteobacteria, 

Acidobacteria, and Actinobacteria, remains largely 

untapped, thus constituting a promising reservoir for 

potent bioactive compounds (Liu et al., 2020; Pratiwi et al., 

2021; Bandla et al., 2023; Mahdiyah et al., 2025b). Among 

bacterial genera thriving in diverse environments, 

Lysinibacillus—a genus noted for its metal resistance and 

adaptive capabilities—has recently garnered attention for 

its biotechnological potential (Páez-Vélez et al., 2019; 

Margaryan et al., 2021; Sun et al., 2024). Members of this 

genus have been reported to produce various 

antimicrobial agents, including bacteriocins and 

lipopeptides, effective against a range of pathogens (Jamal 

& Ahmad, 2022). However, the specific antimicrobial 

potential of a Lysinibacillus strain isolated from the unique 

environment of Indonesian peat soil, identified in this 

study based on 16S rRNA gene sequencing (Sanger 

method), particularly against clinically relevant multidrug-

resistant (MDR) strains, remains underexplored and 

represents a significant gap in current research (Mahdiyah 

et al., 2025a). 

 A critical bottleneck in modern drug discovery is the 

high failure rate of lead compounds during late-stage 

development due to unfavourable pharmacokinetic or 

toxicity profiles (Prusty, 2024; Mody et al., 2025). To 

address this, in silico pharmacological profiling has 

emerged as a vital tool for the early-stage evaluation of 

bioactive molecules. Techniques such as prediction of 

Absorption, Distribution, Metabolism, Excretion, and 

Toxicity (ADMET) properties and molecular docking enable 

researchers to prioritize the most promising candidates, 

predict their mechanisms of action by simulating 

interactions with bacterial target proteins, and reduce the 

risk of failure in in vitro and in vivo assays. These 

computational approaches provide a rational framework to 

streamline the transition from discovery to development 

(Jia & Gao, 2022; Effinger et al., 2024; Suvidhi et al., 2024; 

Wang et al., 2024). 

 This study is designed to bridge this research gap by 

systematically investigating the antimicrobial potential of 

a Lysinibacillus strain originating from Indonesian peat soil. 

We hypothesize that this isolate produces broad-spectrum 

antibacterial compounds, including activity against clinical 

MDR isolates, and that its primary active metabolite will 

exhibit a favourable in silico pharmacological profile. 

Accordingly, the objectives of this study are to: (1) evaluate 

the broad-spectrum and anti-MDR activity of its crude 

extract; (2) identify the structure of the active compound 

via GC-MS; and (3) conduct a comprehensive in silico 

pharmacological assessment, including ADMET prediction 

and molecular docking, to evaluate its drug-likeness and 

potential mechanism of action. 

MATERIALS & METHODS 
 

Antibacterial Activity Assay using the Kirby-Bauer Disc 

Diffusion Method 

 The antibacterial activity of the crude extract from 

Lysinibacillus sp. was tested against clinical MDR isolates 

Methicillin-resistant Staphylococcus aureus (MRSA) ATCC 

43300 and Extended-Spectrum Beta-Lactamases (ESBL)-

producing Escherichia coli ATCC 35218, as well as the 

pathogens Pseudomonas aeroginosa ATCC 10145, 

Cutibacterium acnes ATCC 11827, Staphylococcus 

epidermidis ATCC 35984, and Salmonella enterica serovar 

Typhi (S. Typhi) ATCC 14028. Modified from Mahdiyah et 

al. (2020), each activated test bacterium was cultured in 

Mueller-Hinton Broth (MHB; HiMedia, India) and incubated 

at 37°C, pH 6, for 24 hours. For C. acnes, incubation was 

performed anaerobically using an anaerobic incubator at 

37°C, pH 6, for48 hours. The bacterial cell suspension 

density was standardized to 0.5McFarland (equivalent to 

~1.5 x 10⁸CFU/mL). The 0.5McFarland standard was 

prepared by adding 1% v/v sulfuric acid (H₂SO₄; 1mL) to 

1% w/v barium chloride (BaCl₂; 99mL), which produces a 

defined optical density. Lysinibacillus was subcultured in 

Tryptic Soy Broth (TSB; Sigma-Aldrich, Germany) at 37°C, 

pH 6, for 48hours and then centrifuged at 4000rpm for 

10minutes. The cell-free supernatant was used for the 

antibacterial activity test. The bacterial test suspension was 

swabbed evenly over the entire surface of Mueller-Hinton 

Agar (MHA; HiMedia, India) using a sterile cotton swab, 

which were poured to a uniform depth of 4mm. For C. 

acnes, the medium used was Mueller-Hinton Agar enriched 

with 5% defibrinated blood (Infusion Agar; HiMedia, India) 

under anaerobic conditions. Discs impregnated with the 

cell-free supernatant and a 30µg chloramphenicol disc 

(Oxoid, UK) were used as positive controls. The discs were 

then placed on the inoculated agar and incubated at 37°C 

(24hours for aerobic bacteria; 48hours anaerobic for C. 

acnes). The diameter of the inhibition zone was measured 

after incubation. The antibacterial activity was interpreted 

according to CLSI breakpoints (CLSI, 2012) for the positive 

control chloramphenicol to ensure assay validity. This 

screening using a single biological sample, the results are 

presented as the raw inhibition zone diameter from a 

single experiment (n=1) without statistical analysis. 

 

Gas Chromatography-Mass Spectrometry (GC-MS) and 

Target Compound Selection 

 Volatile and semi-volatile compounds in the cell-free 

supernatant obtained from the Lysinibacillus sp. culture 

were analyzed using GC-MS via the E-Layanan Sains (ELSA) 

of the Badan Riset dan Inovasi Nasional (BRIN), Jakarta, 

Indonesia. GC-MS analysis was conducted using an Agilent 

7890B GC system coupled with a 5977A Mass Selective 

Detector (MSD) equipped with an HP-5MS capillary 

column (30m × 0.25mm i.d., 0.25µm film thickness; Agilent 

Technologies). Helium was used as the carrier gas at a 

constant flow rate of 1.0mL/min, with the injector 

temperature set at 250°C in split mode (10:1) and an 

injection volume of 1µL. The oven temperature program 

started at 60°C (2min hold), increased to 280°C at 

10°C/min, and was held for 10min. The MS was operated in 
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electron impact (EI) mode at 70eV, with an ion source 

temperature of 230°C, quadrupole temperature of 150°C, 

and a scan range of 40–500m/z. Spectral identification was 

performed using the NIST23 mass spectral library. 

Compounds identified from the GC-MS results were 

evaluated based on the percentage of peak area and the 

similarity index with reference spectra. Only compounds 

with a similarity index >90% and a peak area >1% were 

considered for further analysis. Compounds with 

documented antibacterial activity in the literature were 

subsequently selected for in silico testing. 

 

In Silico Pharmacodynamic Evaluation 

 The pharmacodynamic evaluation, including drug-

likeness and physicochemical properties of the selected 

compound, was performed using the SwissADME (2017) 

(http://www.swissadme.ch). The analyzed parameters of 

Lipinski's Rule of Five included a molecular weight 

<500Dalton, partition coefficient (Log P) <5, number of 

hydrogen bond donors (HBD) <5, number of hydrogen 

bond acceptors (HBA) <10, and Topological Polar Surface 

Area (TPSA) < 140Å². If the target compound met ≥4 of 

the 5 Lipinski criteria, it proceeded to further testing. 

 

In Silico Toxicity Analysis 

 Compound toxicology was predicted using the ProTox 

3.0 (http://tox.charite.de, accessed on 9 August 2025) 

(Banerjee et al., 2024). The analyzed parameters included 

the LD₅₀ value, hepatotoxicity, carcinogenicity, 

immunotoxicity, mutagenicity, and cytotoxicity, which were 

categorized as active or inactive. 

 

In Silico Pharmacokinetic Analysis 

 The pharmacokinetic profile was predicted using the 

pkCSM web server (http://biosig.unimelb.edu.au/pkcsm, 

accessed on 9 August 2025) (Pires et al., 2015). The 

evaluated parameters included: 

 Absorption 

 Absorption is the process by which an active 

compound enters the systemic circulation from its site of 

administration. The prediction of a compound's absorption 

level utilized several parameters: 

a. Human Intestinal Absorption (HIA) was used to 

estimate the compound's ability to pass through the 

human intestinal tract. The obtained value reflects a 

combination of bioavailability and absorption rate, 

calculated based on the excretion ratio via urine, bile, and 

feces. Molecules with absorption ≤ 30% were considered 

poorly absorbed. 

b. Caco-2 cell permeability was predicted using a model 

built from 674 drug molecules with known Caco-2 

permeability values, predicting the logarithm of the 

apparent permeability coefficient (log Papp; in log cm/s). 

Caco-2 cells are human colorectal adenocarcinoma 

epithelial cells widely used as an in vitro model of the 

human intestinal mucosa to predict the absorption of 

orally administered drugs. A log Papp value > 0.90 

indicates high permeability. 

c. Water Solubility (Log S) reflects the solubility of the 

molecule in water at 25 °C. Lipophilic drugs are generally 

less well absorbed compared to water-soluble drugs, 

particularly when administered enterally. This model was 

built using experimental data from 1708 water solubility 

measurements. A Log S value < -4 indicates low solubility, 

-4 to -2 indicates moderate solubility, and > -2 indicates 

good solubility. 

 Distribution 

 Distribution is the process of drug transfer from the 

systemic circulation to tissues and body fluids. In the in silico 

prediction using the pkCSM web server, the distribution 

process of the compound was evaluated through three main 

parameters: the volume of distribution in humans (Volume 

of Distribution at steady state or VDss Human), blood-brain 

barrier permeability (BBB permeability) and central nervous 

system permeability (CNS permeability). 

a. Volume of Distribution (VDss) was predicted using a 

Gradient Boosting model based on a dataset of 1120 

compounds. A log VDss value < -0.15 indicates limited 

distribution, while > 0.45 indicates wide distribution. 

b. Blood-Brain Barrier Permeability (Log BB) is an 

important parameter to consider for helping to reduce side 

effects and toxicity or to enhance the efficacy of drugs 

whose pharmacological activity is within the brain. Log BB 

was predicted using a Gaussian Process model based on a 

dataset of 120 compounds. A Log BB value > 0.3 indicates 

good permeability, while < -1.0 indicates poor permeability. 

c. CNS Permeability (Log PS) was used to evaluate a 

compound's ability to penetrate the central nervous 

system. Log PS was predicted using a Gaussian Process 

model based on a dataset of 110 compounds. A Log PS 

value > -2 indicates good permeability, while < -3 

indicates an inability to penetrate the CNS. 

 Metabolism 

 Metabolism is the process of biotransformation of a 

drug compound into active metabolites that can exert 

pharmacological effects, or into inactive metabolites ready 

for elimination from the body. This process primarily 

occurs in the liver, the main organ containing various 

metabolic enzymes, including those from the cytochrome 

P450 family. Inhibition of cytochrome P450 enzymes was 

predicted for isoforms CYP2D6 and CYP3A4 using a 

Support Vector Machine (SVM) model. The output is stated 

as "Yes" (inhibitor) or "No" (non-inhibitor). 

 Excretion 

 Excretion is the process of drug elimination from the 

body, which primarily occurs through the kidneys and is 

excreted in urine. Besides the renal pathway, drug 

excretion can also occur through the lungs, skin, and 

exocrine secretions such as sweat and saliva. The 

evaluation of excretion parameters included: 

a. Total Clearance reflects the combined rate of 

elimination through hepatic metabolism, biliary secretion, 

and renal excretion. The higher the total clearance value, 

the faster the drug concentration declines in the blood 

plasma. Total clearance was predicted using a Gradient 

Boosting model based on a dataset of 950 compounds. A 

high value indicates rapid elimination. 

b. The organic cation transporter 2 (OCT2) inhibition, plays 

a crucial role in the disposition and elimination of various 

drugs and endogenous compounds through renal filtration. 

OCT2 inhibition was predicted using a Support Vector 

Machine model based on a dataset of 191 compounds. 

http://www.swissadme.ch/
http://tox.charite.de/
http://biosig.unimelb.edu.au/pkcsm
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Molecular Docking 

 Molecular docking was performed to predict the 

interaction between the ligand compound and DNA gyrase 

subunit B (receptor). The protein structure was downloaded 

from the Protein Data Bank (https://www.rcsb.org, 

accessed on 10 August 2025). Protein preparation involved 

the removal of water molecules and the native ligand 

using PyMOL 2.6, followed by the addition of hydrogen 

atoms and charges using AutoDock Tools 1.5.7. Validation 

of the docking method was performed by redocking the 

native ligand and was considered valid if the Root Mean 

Square Deviation (RMSD) value was ≤ 2.0 Å. Docking 

simulation was conducted using AutoDock Vina 1.1.2 with 

grid box parameters encompassing the receptor's active 

site. The binding affinity value (kcal/mol) and molecular 

interactions (hydrogen bonds, hydrophobic and 

electrostatic interactions) were analyzed using Discovery 

Studio Visualizer. 

 Ligand preparation was performed using the PyRx 

software (version 0.8) and its integrated Open Babel tool 

(version 3.1.1, accessed in 10 August 2025). The 3D 

structure of 2,4-di-tert-butylphenol (2,4-DTBP; PubChem 

CID: 7311) was retrieved from the PubChem database in 

SDF format. The ligand was then imported into PyRx and 

subjected to energy minimization using the MMFF94 force 

field. During this automated process, PyRx assigned 

Gasteiger charges and detected rotatable bonds to 

generate the final, optimized structure in PDBQT format. 

The most probable protonation state at physiological pH 

(7.4) was selected for docking. 

 

RESULTS AND DISCUSSION 

 

Broad-Spectrum and Anti-MDR Activity 

 The cell-free supernatant of the Lysinibacillus sp. 

isolate demonstrated broad-spectrum inhibitory activity, 

encompassing both Gram-negative and Gram-positive 

bacteria, as well as clinical Multi-Drug Resistant (MDR) 

isolates. Results from the Kirby-Bauer disc diffusion assay 

revealed the presence of clear zones (zones of inhibition) 

surrounding the discs impregnated with the supernatant 

across all tested bacterial strains (Fig. 1). Table 1 reveals 

variations in the resulting inhibition zone diameters. The 

highest inhibition zone diameters were observed against S. 

Typhi (16.23mm) and MRSA (16.16mm). Activity was also 

demonstrated against P. aeroginosa (12.1 mm) and ESBL-

producing E. coli (11.76mm). Meanwhile, activity against S. 

epidermidis (10.68mm) and C. acnes (9.74mm) appeared 

lower than that of chloramphenicol (30µg). 

 These findings confirm the potential of the 

Lysinibacillus isolate from its unique source, the peat soil 

of South Kalimantan, as a producer of broad-spectrum 

antibacterial compounds. Its ability to inhibit the growth 

of both Gram-negative (ESBL E. coli, P. aeroginosa, S. 

Typhi) and Gram-positive (MRSA, S. epidermidis, C. acnes) 

bacteria suggests that the produced secondary 

metabolites possess a mechanism of action that may 

target conserved cellular structures or processes common 

to both bacterial groups (Kastrat & Cheng, 2024; 

Pendyukhova et al., 2024). 

Table 1: Inhibition zones of Lysinibacillus supernatant against pathogens. 

Patogens Inhibition zone diameter (mm) 

Supernatant Chloramphenicol (30µg) 

ESBL E. coli  11.76 12.51 (Resistant) 

MRSA 16.16* 10.72 (Resistant) 

S. epidermidis 10.68 13.34 (Resistant) 

S. Thypi 16.23 16.64 (Intermediet) 

P. aeroginosa 12.10 11.64 (Resistant) 

C. acnes 9.74 12.21 (Resistant) 

Note: * A noteworthy result where the supernatant's activity exceeded that 

of the chloramphenicol control. 

 

 

 

Fig. 1: Antibacteria activity of Lysinibacillus (denoted as Lys) with 

positive control Chloramphenicol (Clo) against MDR and pathogenic 

bacteria: A) ESBL E. coli; B) MRSA; C) S. epidermidis; D) S. Typhi; E) P. 

aeroginosa; F) C. acnes. 

 

 The most promising finding is the supernatant's 

potent activity against clinical MDR isolates, particularly 

MRSA and ESBL-producing E. coli. Notably, the 

supernatant produced a larger inhibition zone against 

MRSA (16.16mm) compared to the chloramphenicol 

control (10.72mm), suggesting that the bioactive 

compounds produced by this Lysinibacillus sp. may 

circumvent the specific resistance mechanisms of this 

pathogen (Lade et al., 2022; Abebe & Birhanu, 2023). The 

activity against ESBL-producing E. coli, although slightly 

lower than chloramphenicol, remained significant and 

suggests that the compound(s) are not readily degraded 

by beta-lactamase enzymes, the primary resistance 

mechanism in these bacteria (Al-Hasso & Mohialdeen, 

2023; Chaudhary et al., 2023; Li et al., 2023). The 

variation in inhibition zone diameters among the 

different bacteria can be attributed to several factors. 

First, the difference in cell wall structure between Gram-

positive and Gram-negative bacteria. The 

lipopolysaccharide outer membrane of the Gram-

negative cell wall often presents a more formidable 

barrier for antibacterial molecules to penetrate. Second, 

differences in membrane permeability and the presence 

of species-specific efflux systems (efflux pumps) can 

influence the intracellular accumulation of the 

antibacterial compound(s). Third, the activity spectrum 

of the antibacterial compound(s) itself may be more 

specific to certain metabolic pathways, the presence or 

susceptibility of which varies between bacterial species 

(Vaara, 2020; Vergalli et al., 2020; Leus et al., 2023; 

Maher & Hassan, 2023; Shahanawaz et al., 2024). 

https://www.rcsb.org/
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Table 2: Candidate secondary metabolite compounds for in silico testing  

Retention time (min.) Compound name Formula Area Similarity index (%) Antibacterial activity 

13.3629 Methyl cinnamate ((E)-) C₁₀H₁₀O₂ 1228650 92.4 Yes [1] 

14.7978 2,4-Di-tert-butylphenol C₁₄H₂₂O 1882246 97.4 Yes [2] 

17.9782 Benzyl Benzoate C₁₄H₁₂O₂ 1386664 92.7 Yes [3] 

[1] (Wulandari et al., 2022); [2] (Rouvier et al., 2024); [3] (Korany & Aboelhadid, 2024) 
 

 
 

Fig. 2: TIC of the Lysinibacillus sp. cell-free supernatant. 
 

Identification of Antibiotic Compound  

 The cell-free supernatant obtained from the 

Lysinibacillus sp. culture was analyzed for its volatile and 

semi-volatile compound content using GC-MS. The 

resulting Total Ion Chromatogram (TIC) revealed a complex 

metabolic profile with several dominant peaks eluting 

between 5 and 30minutes, as presented in Fig. 2. 

 TIC from the Lysinibacillus sp. cell-free supernatant led 

to the exclusion of compounds such as alkyl esters (e.g., 

Acetic acid, butyl ester) and alkyl ethers (e.g., Ethanol, 2-

butoxy-), which are common industrial solvents, as well as 

long-chain alkanes (e.g., Heneicosane), which are 

components of mineral oils, from the pool of potential 

authentic secondary metabolites. Three compounds with a 

high probability of being true bacterial metabolites, further 

supported by documented strong antibacterial activity in 

the literature, were selected as candidates for in silico 

testing (Table 2). 

 Among the three candidates, 2,4-Di-tert-butylphenol 

(2,4-DTBP) emerged as the most promising compound and 

was selected as the primary focus for this study, based on 

the following scientific rationales: 

a. Strong and specific track record as a bacterial metabolite 

 Unlike other compounds which may originate from 

alternative sources, 2,4-DTBP is widely recognized and 

consistently reported as a secondary metabolite from 

various bacterial genera, including Bacillus, Pseudomonas, 

Streptomyces, and Lysinibacillus. Its production is 

frequently associated with antagonistic and competitive 

mechanisms in the environment (Ortiz & Sansinenea, 2023; 

Velusamy et al., 2024; Mahdiyah et al., 2025a). This 

minimizes its likelihood of being a contaminant and 

strengthens its status as an authentic compound produced 

by the investigated Lysinibacillus sp. isolate. 

b. Multifaceted and potent antibacterial mechanism of 

action 

2,4-DTBP is not merely bacteriostatic but also exhibits a 

multifaceted mechanism of action, which is highly 

desirable for countering antibiotic resistance: 

 2,4-DBP inhibits quorum sensing, reducing virulence 

factor secretion and biofilm formation, which are critical 

for bacterial pathogenicity (Mishra et al., 2020) 

 Affects membrane permeability and induces reactive 

oxygen species production, contributing to bacterial cell 

death (Yang et al., 2024) 

 The compound significantly reduces biofilm 

formation, enhancing the efficacy of existing antibiotics 

(Mishra et al., 2020) 

 Demonstrated effective inhibition of growth, 

especially against antibiotic-resistant strains (Rouvier et al., 

2024; Mahdiyah et al., 2025b) 

c. Feasibility as an in silico target 

 The relatively small molecular structure of 2,4-DTBP, 

featuring a reactive phenolic functional group, makes it an 

ideal candidate for molecular docking studies. This compound 

can be docked onto various target proteins involved in 

essential enzymes of pathogenic bacteria. Predicting its 

interactions with target proteins can provide valuable 

mechanistic insights that support the biological data. 

d. Identification abundance and purity 

 The compound 2,4-di-tert-butylphenol (CAS 96-76-4) 

was detected at retention time (RT) = 14.7978min with a 

match score of 97.4%. The main EI ions were m/z 57, 115, 

163, 191, and 206, consistent with literature spectra for 

2,4-DTBP. The retention index (RI) could not be 

determined due to the absence of alkane standards, and 

no authentic standard of 2,4-DTBP was analyzed. The 

corresponding EI mass spectrum is provided in the 

Supplementary Material. 

 Based on the aforementioned considerations, 2,4-

DTBP was established as the primary bioactive compound 

candidate hypothesized to be responsible for the 

antibacterial activity of the Lysinibacillus sp. supernatant. 

This compound was prioritized for molecular docking 

simulations to predict its binding affinity and inhibitory 

mechanism against target proteins in pathogenic bacteria. 

 

Pharmacodynamics: Drug-Likeness and 

Physicochemical Properties 

 The predicted drug-likeness and physicochemical 

properties of 2,4-DTBP, obtained using the SwissADME 

platform, are presented in Table 3. The analysis revealed 

that 2,4-DTBP possesses a molecular weight (MW) of 

206.32Dalton, a partition coefficient (Log P) value of 3.99, 
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one hydrogen bond donor (HBD), one hydrogen bond 

acceptor (HBA), and a Topological Polar Surface Area 

(TPSA) value of 20.23Å². According to the parameters of 

Lipinski's Rule of Five, 2,4-DTBP satisfied all criteria: MW 

<500Dalton, Log P <5, HBD ≤5, and HBA ≤10. Thus, the 

compound demonstrated full compliance with Lipinski's 

rules (score 5/5), indicating favorable drug-like 

characteristics and a high potential for oral bioavailability. 

 
Table 3: Pharmacodynamic prediction for the 2,4-DTBP compound. 

Parameter Value Lipinski’s Criteria Status 

MW  206.32Dalton <500Dalton Satisfied 

Log P 3.99 <5 Satisfied 

HBA 1 ≤10 Satisfied 

HBD 1 ≤5 Satisfied 

TPSA  20.23Å² <140Å2 Satisfied 

Lipinski’s Rule Yes 5/5  

 

 Compliance of 2,4-DTBP with all of Lipinski's rules 

represents a highly significant initial indicator for the 

development of a novel antibacterial compound. The low 

molecular weight (206.32Dalton) and small TPSA value 

(20.23Å²) demonstrate the compound's excellent potential 

for diffusing through biological membranes, penetrating 

the blood-brain barrier, and eliciting an effect—an 

essential prerequisite for reaching its target site of action 

within bacterial cells. The Log P value, approaching 4 

(3.99), indicates balanced lipophilicity, which not only 

facilitates penetration through the lipid bilayer of 

membranes but also ensures sufficient water solubility for 

transport within biological systems. Fulfillment of all these 

criteria not only predicts good oral bioavailability but also 

strengthens the viability of 2,4-DTBP as a feasible drug 

candidate worthy of proceeding to molecular docking 

simulations to validate its interactions with target proteins 

and to study its mechanism of action in greater depth. 

 

Toxicity Properties 

 The predicted toxicity results for the compound 2,4-

Di-tert-butylphenol (2,4-DTBP), obtained using the ProTox 

3.0 server, are presented in Table 4. Based on an LD₅₀ value 

of 700mg/kg, the compound 2,4-DTBP is classified under 

Category 4 according to the Globally Harmonized System 

(GHS) (Banerjee et al., 2024). This prediction was made with 

an accuracy and similarity level of 100%. Furthermore, the 

prediction results for various organ-specific toxicity 

parameters (Table 4) indicated that 2,4-DTBP was 

predicted to be inactive for all tested toxicity endpoints, 

namely hepatotoxicity, carcinogenicity, immunotoxicity, 

mutagenicity, and cytotoxicity. 

 
Table 4: Predicted LD₅₀ value for the compound 2,4-Di-tert-butylphenol. 

LD50 Classification Accuracy (%) Similarity (%) 

700 mg/kg Category 4 100 100 

 

 The in-silico toxicity prediction results provide a 

preliminarily favourable overview of the safety profile of 

the 2,4-DTBP compound. An LD₅₀ value of 700mg/kg, 

which places it in Category 4, indicates that the compound 

exhibits low to moderate acute toxicity. More significantly, 

the prediction results consistently showed inactive for all 

forms of organ-specific toxicity and cellular toxicity, 

including hepatotoxicity and carcinogenicity. This suggests 

that, at a molecular level, the compound is predicted to 

lack strong binding affinity for receptors or enzymes 

responsible for these toxic effects. The combination of 

excellent drug-likeness properties (conforming to Lipinski's 

rules) and this low toxicity profile further strengthens the 

potential of 2,4-DTBP as a viable antibacterial candidate 

worthy of further development. These predictions, 

supported by 100% accuracy and similarity, provide 

greater confidence in the reliability of the results, although 

further validation through in vitro and in vivo testing 

remains absolutely necessary to confirm its overall safety. 

 

Pharmacokinetic Properties 

 The predicted pharmacokinetic profile of the 2,4-DTBP 

compound, obtained using the pkCSM server, is presented 

in Table 5. The compound exhibited high human intestinal 

absorption (HIA = 92.03%), indicating good oral 

bioavailability, and strong Caco-2 permeability (log Papp = 

1.67 × 10⁻⁶cm/s), suggesting efficient intestinal membrane 

transport. Its water solubility (log S = −3.92mol/L) reflects 

moderate solubility under physiological conditions. In 

terms of distribution, 2,4-DTBP showed a wide apparent 

volume of distribution (VDss = 0.61L/kg), suggesting 

moderate tissue penetration, and a blood–brain barrier 

permeability (log BB = 0.48) value indicative of potential 

central nervous system (CNS) access, although its CNS 

permeability (log PS = −0.85) remains low, implying 

limited CNS accumulation. Metabolic predictions indicated 

that 2,4-DTBP is not an inhibitor of cytochrome P450 

isoenzymes CYP2D6 and CYP3A4, which reduces the risk of 

metabolic drug–drug interactions. For excretion, the 

compound displayed a moderate total clearance 

(0.76mL/min/kg), suggests an elimination half-life that is 

neither too rapid nor too prolonged, which could support 

a less frequent dosing regimen, and was predicted not to 

inhibit the renal OCT2 transporter. Overall, the in silico 

pharmacokinetic properties of 2,4-DTBP, characterized by 

excellent absorption and distribution along with low 

potential for drug interactions and toxicity, further 

strengthen its viability as a promising antibacterial 

candidate worthy of further development. 

 

Docking Molecular 

a. Protein preparation 

 The target protein used for molecular docking analysis 

was obtained from the Protein Data Bank (PDB). Preparation 

of the target protein involved separation of the native 

ligand from other molecules, including water molecules.  

b. Docking validation 

 The molecular docking protocol was validated to 

ensure its reliability in predicting ligand binding modes. 

This was achieved by re-docking the native co-crystallized 

ligand into the binding site of the DNA gyrase subunit B 

receptor (PDB ID: 1KZN). The validation yielded excellent 

results, with a Root Mean Square Deviation (RMSD) value of 

0Å between the redocked and the original crystallographic 

poses, confirming the accuracy of the methodology. 

 The docking simulations were performed using 

AutoDock Vina within the PyRx software (version 0.8) 

environment, utilizing the Vina Wizard for setup. The 

grid  box  was  strategically centered on the active site to 
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Table 5: In Silico Pharmacokinetic Profile of 2,4-DTBP 

Category Specific Parameter Predicted Value  Interpretation 

Absorption Human Intestinal Absorption (HIA) 92.03% High oral absorption 

  Caco-2 Permeability (log Papp) 1.67 x 10-6cm/s Strong membrane permeability 

  Water Solubility (log S) -3.92mol/L Moderate solubility 

Distribution Volume of Distribution (VDss, log L/kg) 0.61L/kg Moderate tissue distribution 

  Blood-Brain Barrier Permeability (log BB) 0.48 Moderate BBB permeability 

  CNS Permeability (log PS) -0.85 Low CNS penetration 

Metabolism CYP2D6 Inhibitor No Non-inhibitor 

  CYP3A4 Inhibitor No Non-inhibitor 

Excretion Total Clearance 0.76mL/min/kg Moderate clearance rate 

 

Table 6: Docking validation parameter  

Macromolecule Gridbox RMSD (Å) 

Center Dimensi 

X Y Z X Y Z  

Receptor 12.325 -3.221 -12.108 44.843 63.132 52.976 0 

 

    
 

Fig. 3: DNA gyrase (left) and subunit B (right) #D structure.   

 

 
 

Fig. 4: 2,4-DTBP 3D structure.  
 

encompass key residues known to be critical for ligand 

binding, such as LYS11, VAL12, LYS14, GLY15, LEU16, 

VAL43, ASN46, ALA47, VAL71, ASP73, ILE78, THR96, 

VAL97, LEU98, HIS99, VAL 120, SER121, THR165, VAL167. 

The box dimensions (44.843 Å x 63.132 Å x 52.976 Å; 

Table 6) were chosen to be sufficiently large to allow for 

full rotational and translational freedom of the ligand 

during the docking process. An exhaustiveness value of 8 

was employed, as this default setting provided a robust 

balance between computational efficiency and search 

thoroughness for this system. 

c. Binding affinity value 

 Based on the molecular docking simulation results, the 

compound 2,4-di-tert-butylphenol demonstrated the ability 

to interact with the target receptor, as indicated by a 

binding affinity value of -5.9kcal/mol. A more negative 

value signifies a stronger binding interaction. Generally, a 

binding affinity value ≤ -5.0kcal/mol is considered to 

indicate good binding affinity (Asiat et al., 2020; Forli et al., 

2016; Trott & Olson, 2010). Therefore, the obtained value of 

-5.9kcal/mol suggests that this compound has a strong 

potential to bind to the target receptor and is likely to 

inhibit its biological function, albeit not as potent as clinical 

DNA gyrase inhibitors such as fluoroquinolones (which 

typically exhibit values < -8kcal/mol) (Luan & Drlica, 2018). 

d. Molecular docking visualization 

 The target protein, DNA gyrase (Fig. 3), and the ligand 

structure of 2,4-DTBP (Fig. 4) were first visualized to 

establish the docking framework. The three-dimensional 

visualization in Fig. 5 illustrates the position of 2,4-DTBP 

within the binding pocket of the DNA gyrase enzyme, 

while the two-dimensional visualization in Fig. 6 confirms 

dominant hydrophobic interactions with key residues. The 

predominance of hydrophobic interactions is consistent 

with the lipophilic nature of 2,4-DTBP (Belghit et al., 2016), 

facilitating its penetration into the hydrophobic pocket of 

the target protein. 
 

   
 

Fig. 5: Three-dimensional (left) and two-dimensional (right) visualization of 

molecular docking results between 2,4-DTBP and DNA gyrase subunit B, 

illustrating ligand positioning and key molecular interactions. 
 

 

 
Fig. 6: Two-dimensional visualization of molecular interactions between 

2,4-DTBP and key residues in the DNA gyrase subunit B binding pocket. 
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 The 2D visualization reveals that the interactions 

between 2,4-DTBP and DNA gyrase subunit B are 

dominated by van der Waals forces with key residues LYS 

A:208, ASP A:210, GLY A:211, GLU A:213, ARG A:206, and 

LYS A:212. Although several unfavorable bumps are 

observed, which may slightly reduce binding stability, the 

presence of hydrophobic (alkyl) interactions with 

surrounding hydrophobic residues indicates that the 

binding mechanism is primarily driven by lipophilic 

compatibility. This interaction pattern aligns with the 

lipophilic nature of 2,4-DTBP (Log P = 3.99) and supports 

the hypothesis that the compound potentially inhibits DNA 

gyrase function by competing with natural substrates in 

the enzyme's hydrophobic pocket. However, the absence 

of strong hydrogen or electrostatic bonds explains why the 

binding affinity (-5.9kcal/mol) is lower than that of clinical 

inhibitors such as fluoroquinolones, which form covalent 

bonds with catalytic residues. 

 DNA gyrase subunit B is an essential antibacterial 

target responsible for bacterial DNA supercoiling. 

Inhibition of this enzyme disrupts DNA replication 

processes, leading to inhibited bacterial growth or cell 

death (Collin et al., 2011; Higgins, 2013; Dötsch, 2024). The 

visualization data support the hypothesis that 2,4-DTBP 

may act as a DNA gyrase inhibitor. These results 

strengthen the connection between the antagonistic data 

of the Lysinibacillus isolate (Fig. 1) and the GC-MS 

identification (Fig. 2) with a potential mechanism of action 

that explains the broad-spectrum activity and ability to 

inhibit MDR pathogens, including MRSA and ESBL-

producing E. coli. Thus, the combination of experimental 

data and computational simulations confirms the role of 

2,4-DTBP as the primary bioactive metabolite responsible 

for the antibacterial activity of this isolate. 

 Future research should focus on several aspects. First, 

the isolation and purification of 2,4-DTBP from 

Lysinibacillus sp. cultures using preparative 

chromatography followed by structural validation using 

advanced spectroscopic methods (NMR, FTIR, LC-MS/MS) 

is essential to confirm the compound's identity and purity. 

Second, further in vitro testing against various MDR 

strains, including the ESKAPE pathogen panel, is necessary 

to strengthen the evidence of its broad-spectrum activity 

and clinical potential. Third, in vivo toxicity and efficacy 

studies in infection model animals should be conducted to 

validate the safety and pharmacodynamic profiles 

predicted in silico. Fourth, a more detailed exploration of 

the molecular mechanism of action through target 

validation assays and omics approaches could help 

elucidate the biological pathways affected by 2,4-DTBP. 

Finally, comparative studies with other natural antibacterial 

compounds from Indonesian peat soil are also 

recommended to expand bioprospecting potential and 

support the development of novel antibiotic candidates 

from this unique ecosystem. 

 

Conclusion 

 This study confirms that Lysinibacillus sp., isolated 

from South Kalimantan peat soil, represents a potential 

source of secondary metabolites with broad-spectrum 

antibacterial activity and the ability to inhibit multi-drug 

resistant (MDR) pathogens. The culture supernatant 

demonstrated efficacy against MRSA and ESBL-

producing Escherichia coli, with competitive inhibition 

zones that even exceeded those of the control antibiotic 

for MRSA. GC-MS analysis identified 2,4-DTBP with a high 

similarity index (97.4%), reinforcing its status as an 

authentic metabolite of this isolate. The pharmacodynamic 

profile indicated that 2,4-DTBP fully complies with 

Lipinski's rules, suggesting favorable drug-like properties 

and potential oral bioavailability. In silico toxicity 

predictions classified the compound as safe, with an LD₅₀ 

of 700mg/kg (Category 4) and negative results for all 

organ-specific toxicity parameters. Pharmacokinetic 

evaluation revealed high intestinal absorption, extensive 

tissue distribution, and no inhibition of key CYP enzymes 

or renal transporters, supporting its pharmaceutical 

development potential. Molecular docking results 

demonstrated a binding affinity of -5.9kcal/mol against 

DNA gyrase subunit B, with dominant hydrophobic 

interactions consistent with the lipophilic nature of 2,4-

DTBP. Three- and two-dimensional visualizations 

confirmed stable interactions within the enzyme's binding 

pocket, supporting the hypothesis that the antibacterial 

mechanism of action of 2,4-DTBP involves inhibition of 

bacterial DNA replication. 
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