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Urinary tract infections (UTIs) are the most common bacterial infections and are frequently caused by pathogens such as Escherichia coli, 

Klebsiella pneumoniae and Proteus mirabilis. Increasing antibiotic resistance has intensified the search for alternative antibacterial agents. 

In this study, extracts and bioactive compounds from Andrographis paniculata were evaluated against GlcN-6-P synthase, a key enzyme 

involved in bacterial peptidoglycan biosynthesis. Antibacterial activity was assessed using the agar well diffusion method, while 

molecular docking, molecular dynamics simulation and ADMET analyses were performed to evaluate binding affinity, stability and drug-

likeness. The ethyl acetate fraction exhibited the highest antibacterial activity against multidrug-resistant uropathogens (MIC = 6.25 

mg/mL; MBC = 12.5 mg/mL). Among the isolated compounds, PubChem IDs 15172, 1110 and 102916 showed the strongest binding 

affinities of -5.4, -5.2 and -5.1 kcal/mol, respectively. All ligands satisfied Lipinski’s rule of five and demonstrated favourable 

pharmacokinetic properties without hepatotoxicity. Molecular dynamics simulations identified compound 15172 as the most stable ligand 

with minimal conformational fluctuations. These findings suggest that the bioactive compounds from A. paniculata possess promising 

antibacterial and drug-like potential for the development of alternative therapies against UTI-associated pathogens. 
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INTRODUCTION 

 Urinary tract infection (UTI) is an infection affecting any 

part of the urinary system including the kidneys, ureters, bladder 

and urethra [1]. UTIs are among the most common infections 

worldwide [1,2], particularly in women, and are mainly caused 

by bacterial pathogens, although fungi and viruses may also 

contribute [3]. Nearly 50% of women experience at least one 

UTI during their lifetime due to anatomical factors such as a 
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shorter urethra and its close proximity to the anus, which faci-

litates bacterial entry into the urinary tract [4,5]. In men, the 

incidence is comparatively lower but increases with age due to 

the enlargement of prostate and other urinary tract abnorma-

lities [4]. 

 Escherichia coli is the predominant causative agent of 

UTIs, accounting for approximately 70-95% of community-

acquired infections [5,6]. Other important uropathogens include 

Klebsiella pneumoniae, Proteus mirabilis and Staphylococcus 
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saprophyticus. In hospitalised patients and individuals with 

indwelling catheters, multidrug-resistant organisms such as 

Pseudomonas aeruginosa and Enterococcus species are also 

frequently associated with UTIs [7]. 

 Bacteria have evolved several mechanisms to resist anti-

biotics commonly used for the treatment of urinary tract infec-

tions (UTIs) [3,7]. The increasing prevalence of antibiotic-

resistant uropathogens, particularly uropathogenic Escherichia 

coli (UPEC), has become a major global health concern, lead-

ing to treatment failure and increased healthcare costs [8,9]. This 

challenge has intensified the search for alternative antimicro-

bial agents, especially from medicinal plants known to contain 

diverse bioactive compounds with therapeutic potential [10]. 

Andrographis paniculata, commonly known as the “King of 

Bitters,” is a medicinal plant belonging to the family Acan-

thaceae [11]. Native to South and Southeast Asia, it has been 

widely used in traditional medicine for the treatment of fever, 

dysentery, malaria and other infectious diseases [12,13]. Several 

studies have reported significant antibacterial activity of phyto-

chemicals isolated from A. paniculata and related medicinal 

plants against different pathogenic microorganisms [14-18]. In 

Nigeria, the plant is traditionally known as “Ewe korobi-jogbo” 

or “Meje Meje” among the Yoruba people due to its intensely 

bitter taste [19]. Despite its ethnomedicinal importance and 

documented antimicrobial properties, limited studies have 

evaluated its activity against UTI-associated pathogens such 

as E. coli [20-22]. 

 Recent advances in computational biology have shown that 

in silico methods such as molecular docking and molecular 

dynamics simulation are valuable tools for identifying and 

optimizing potential antimicrobial compounds [14,23]. There-

fore, this study integrated both in vitro and in silico appro-

aches to evaluate the antibacterial activity and drug-like prop-

erties of A. paniculata bioactive compounds against UTI 

pathogens. Particular emphasis was placed on glucosamine-

6-phosphate synthase (GlmS), an essential bacterial enzyme 

involved in peptidoglycan biosynthesis and absent in humans, 

making it a promising target for antimicrobial drug develop-

ment. 

EXPERIMENTAL 

 Collection and extraction of Andrographis paniculata 

crude extract: The aerial parts of A. paniculata (leaves, 

stems and flowers) were collected from a local garden in 

Calabar City during the flowering stage in October, 2025. 

Plant materials were manually harvested, washed with sterile 

distilled water and dried at low temperature to minimize 

microbial contamination and preserve bioactive constit-

uents. The dried samples were pulverized using a mortar and 

pestle and sieved through a 40-60 mm mesh to obtain a finely 

powder. 

 The powdered material was divided into two portions 

and separately macerated in 3 L of distilled water and 3 L of 

methanol. The aqueous extract was filtered after 24 h, while 

the methanolic extract was filtered after 72 h using sterile 

muslin cloth, cotton wool and Whatman No. 1 filter paper. 

The filtrates were concentrated using a water bath at 40 ºC 

and further dried in a vacuum desiccator. The crude extracts 

were weighed, sealed with aluminium foil and stored at 4 ºC 

until further analysis. 

 Fractionation of A. paniculata extract: The extract of 

A. paniculata was fractionated using vacuum liquid chromate-

graphy (VLC) with solvent systems of increasing polarity, 

namely n-hexane, dichloromethane, ethyl acetate and methanol. 

The obtained fractions were concentrated to dryness using a 

water bath at 40 ºC and weighed to determine percentage yield. 

Each fraction was screened for antibacterial activity and active 

fractions were further evaluated for minimum inhibitory concen-

tration (MIC) and minimum bactericidal concentration (MBC) 

against susceptible microorganisms [24]. 

 Evaluation of the isolated fractions: The in vitro anti-

bacterial activity of the different fractions obtained from A. 

paniculata extract was tested using the agar well diffusion 

method. Dimethylsulfoxide (DMSO) was used to dissolve the 

fractions. The bacterial suspensions were diluted to a turbi-

dity of approximately 0.5 McFarland (≈ 1.5 × 108 CFU/mL). 

Mueller-Hinton agar (MHA) plates were seeded with the test 

organisms. A cork borer was used to create walls on the agar. 

Ciprofloxacin antibiotic was used as a positive control and 

50% DMSO was used as a negative control. A micropipette 

was used to deliver the isolated fractions into the well. The 

plates were incubated at 37 ºC for 24 h, after which the dia-

meter of the zone of inhibition around each well was measured 

and recorded. Each experiment was performed in duplicates. 

 The MIC values were determined for bacteria that were 

sensitive to the bioactive compound during the agar well 

diffusion assay. To accomplish this, the bacteria inocula were 

prepared from a 12 h broth culture and the suspensions were 

adjusted to a turbidity of 0.5 McFarland. A susceptibility test 

was conducted using the standard broth microdilution method 

following the Clinical and Laboratory Standard Institute 

guidelines on Muller-Hinton broth (MHB) with an inoculum 

of 5 × 104 CFU/mL. The MHB was then supplemented with 

serial dilution of the bioactive compound (i.e., different concen-

trations of the bioactive compound). The lowest concentration 

of the bioactive compound that was capable of inhibiting 

visible growth after 24 h of incubation at 37 ºC was recorded 

as the MIC. To determine the MBC, a dilution representing the 

MIC and two more concentrated dilutions of the test fraction 

were plated and counted to determine the survival CFU/mL 

of the tested multidrug-resistant uropathogens. The lowest 

concentration that was capable of inhibiting 99.9% of the 

activity of the tested bacteria was taken as the MBC. 

 Retrieval and preparation of the ligands and protein: 

Glucosamine-6-phosphate synthase (GlmS) is a key enzyme 

involved in peptidoglycan biosynthesis and has emerged as an 

important molecular target for the development of antimicro-

bial and antidiabetic agents [25-27]. In present study, the 

three-dimensional structure of GlmS (PDB ID: 2VF5) was 

retrieved from the Protein Data Bank based on previously pub-

lished reports [28]. The ligand molecules used for molecular 

docking were identified from the GC–MS analysis of A. 

paniculata extracts. The ligands selected for this study and 

their respective PubChem CIDs were hexanoic acid (8892), 

ethyl 2-ethylhexanoate (102916), 3-buten-2-ol, 4-phenyl- 

(15172), 2-(1-ethoxyethoxy)succinic acid, diethyl ester 

(51328950), butanedioic acid (1110) and undeca-3,4-diene-
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2,10-dione (538547). All the selected ligands had their 

energies minimised for docking as reported previously [29]. 

The target protein was prepared using the Biovia Studio [30]. 

Following preparations, the coordinates of the proteins were 

revealed to be x = 29.2968, y = 18.7548 and Z = -2.1605, 

respectively. The prepared ligands and proteins were then 

saved for docking and simulation analyses. 

 Molecular docking: The prepared ligands and target 

protein were subjected to molecular docking using the Auto-

Vina docking tool version 4.2 following previously reported 

procedures [29]. The active site of the protein was identified 

with the aid of the native ligand using the Allosite tool [31]. 

Subsequently, the ligands were docked individually into the 

binding pocket employing the London scoring function [32]. 

The resulting docking poses and protein–ligand interactions 

were visualized in two and three dimensions using Biovia and 

PyMOL software, respectively [33]. 

 Molecular dynamics simulation (MDS), principal 

component analysis (PCA) and correlation analyses: The 

top three ligands with the highest binding affinities, namely 

ethyl 2-ethylhexanoate (102916), 3-buten-2-ol, 4-phenyl- 

(15172) and butanedioic acid (1110), were selected for mole-

cular dynamics simulation (MDS). The protein–ligand comp-

lexes were subjected to a 300 ns simulation using the 

Schrödinger–Desmond module following previously reported 

methods [29]. Simulations were performed in an orthorhombic 

box using the TIP3P solvation model with a 10 Å buffer 

distance. System neutrality and osmotic balance were main-

tained by adding counter ions and 0.15 M NaCl. After equili-

bration, simulations were conducted at 310 K and 1.013 bar 

pressure [29,31]. Principal component analysis (PCA) and 

dynamic cross-correlation matrix (DCCM) analyses were sub-

sequently performed to evaluate conformational dynamics 

and residue motion within the complexes [29]. 

 ADMET properties prediction and evaluation of the 

Lipinski’s rule of five: SwissADME and the pkCSM tools  

were employed to predict the ADMET properties of the bio-

active compounds. These tools were used to generate molecular 

descriptions for the bioactive compounds. Subsequently, the 

predicted molecular descriptors were assessed to confirm 

compliance with Lipinski’s rule of five. 

RESULTS AND DISCUSSION 

 In vitro antibacterial activity: Different fractions obtained 

from the aerial parts of A. paniculata against multi-drug-

resistant (MDR) uropathogens are shown in Table-1. Among 

the tested fractions, the ethyl acetate fraction exhibited the 

highest antibacterial activity, producing inhibition zones ranging 

from 12-18 mm against all MDR uropathogens. In comp-

arison, dichloromethane and methanol fractions showed 

inhibition zones of 8-16 mm and 10-14 mm, respectively. 

The stronger activity of the ethyl acetate fraction may be 

attributed to its intermediate polarity, which enables efficient 

extraction of both moderately polar and non-polar bioactive 

constituents [34-36]. Ethyl acetate is widely recognized as an 

effective extraction solvent due to its moderate polarity facili-

tates the separation of diverse phytochemicals with potential 

antimicrobial properties. 

 The minimum inhibitory concentration (MIC) results of the 

ethyl acetate fraction are shown in Table-2. A concentration 

of 6.25 mg/mL was sufficient to inhibit the growth of the 

tested MDR uropathogens, as evidenced by the absence of 

visible growth or colour change after 24 h incubation comp-

ared with the control. The minimum bactericidal concentra-

tion (MBC) results shown in Table-2 further demonstrated that 

12.5 mg/mL of the ethyl acetate fraction exerted bactericidal 

activity against all tested organisms, since no bacterial growth 

 

TABLE-1 

ANTIBACTERIAL ACTIVITY DATA OF DIFFERENT FRACTIONS OF A. paniculata  

EXTRACT AGAINST SOME MULTIDRUG RESISTANT UROPATHPOGENS 

MDR uropathogens 
Negative control 

(DMSO) 
Dichloromethane Ethyl acetate Methanol 

Ciprofloxacin 

(positive control) 

Klebsiella pneumoniae 0.00 10 mm 12 mm 11 mm 14 mm 

Enterobacter cloacae 0.00 8 mm 16 mm 10 mm 18 mm 

Staphylococcus ureilyticus 0.00 16 mm 18 mm 12 mm 21 mm 

Escherichia coli 0.00 16 mm 12 mm 10 mm 20 mm 

Bacillus cereus 0.00 10 mm 14 mm 14 mm 20 mm 

Staphylococcus caprae 0.00 8 mm 16 mm 10 mm 18 mm 
 

TABLE-2 

MINIMUM INHIBITORY CONCENTRATION (MIC) AND MINIMUM BACTERICIDAL  

CONCENTRATION (MBC) (mg/mL) DATA OF ETHYL ACETATE FRACTION OF A. paniculate 

Test organisms  

(MDR uropathogens) 

Ethyl acetate fraction 

100 mg/mL 50 mg/mL 25 mg/mL 12.5 mg/mL 6.25 mg/mL 

MIC MBC MIC MBC MIC MBC MIC MBC MIC MBC 

Klebsiella pneumoniae 12 mm – 12 mm – 12 mm – 10 mm – 8 mm + 

Enterobacter cloacae 16 mm – 16 mm – 14 mm – 12 mm – 12 mm + 

Staphylococcus ureilyticus 18 mm – 18 mm – 14 mm – 12 mm – 8 mm + 

Escherichia coli 16 mm – 16 mm – 14 mm – 10 mm – 10 mm + 

Bacillus cereus 14 mm – 14 mm – 10 mm – 10 mm – 8 mm + 

Staphylococcus caprae 18 mm – 16 mm – 12 mm – 10 mm – 8 mm + 

– = No growth, + = Growth 
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was observed after subculturing onto nutrient-enriched media. 

These findings indicate that the bioactive compounds extracted 

into the ethyl acetate fraction possess significant antibacterial 

efficacy against MDR uropathogens. In vitro assays are imp-

ortant for evaluating the biological activity and therapeutic 

potential of plant-derived compounds under controlled labor-

atory conditions, providing preliminary evidence for their 

possible application in antimicrobial drug development. 

 Isolation of bioactive compounds from ethyl acetate 

fraction of A. paniculata: Since the ethyl acetate fraction 

exhibited the highest antibacterial activity during the in vitro 

assays, it was further subjected to phytochemical separation 

and identification of its bioactive constituents. TLC analysis 

revealed six distinct compounds with Rf values of 0.13, 0.24, 

0.50, 0.63, 0.69 and 0.75 using chloroform:methanol (90:10) 

as the mobile phase. The separated spots were visualized under 

ultraviolet light. The same solvent system, which produced 

effective separation during TLC, was subsequently employed 

for column chromatography to isolate the bioactive consti-

tuents. The purified fractions obtained from column chromato-

graphy were further analysed using GC-MS for compound 

identification and structural elucidation. The GC-MS analysis 

identified six compounds, namely hexanoic acid, hexanoic acid 

2-ethyl-ethyl ester, 3-buten-2-ol, 4-phenyl, 2-(1-ethoxyethoxy)- 

succinic acid diethyl ester, butanedioic acid hydroxy-diethyl 

ester (±) and undeca-3,4-diene-2,10-dione (Table-3). Mostly 

all the identified compounds are bioactive and contribute signi-

ficantly antibacterial activity observed in the ethyl acetate fra-

ction against multidrug-resistant uropathogens. 

 Molecular docking (MD): The docking analysis revealed 

differential interactions between the ligands and glucosamine-

6-phosphate synthase (GlmS; PDB ID: 2VF5), as indicated by 

variations in binding energies (Table-4). The control ligand 

exhibited the strongest binding affinity with a docking score 

of -7.5 kcal/mol. Among the tested compounds, ligands 15172, 

1110 and 102916 showed the highest binding affinities with 

docking scores of -5.4, -5.2 and -5.1 kcal/mol, respectively, 

suggesting relatively stable interactions within the active site 

of the target protein. Figs. 1 and 2 illustrate the two-dimen-

sional and three-dimensional docking poses of the ligands, 

while Table-5 summarizes the detailed docking interactions 

and amino acid residues involved in binding. 

 The interaction analysis demonstrated that the control 

ligand formed interactions with 11 amino acid residues, 

namely Ser604, Thr352, Ser349, Ala602, Val399, Glu485, 

Gln348, Ala400, Ser401, Thr302 and Ser347. Ligand 1110 

interacted with six residues, including Ser303, Thr302, Ser401, 

Lys603, Ser604 and Ser349. Ligand 15172 formed interactions  

TABLE-4 

BINDING AFFINITIES OF THE COMPLEXES 

Ligands (PubChem CID) 
Binding energy 

(kcal/mol) 

2vf5_control -7.5 

Hexanoic acid (8892) -4.4 

Hexanoic acid, 2-ethyl-, ethyl ester (102916) -5.1 

3-Buten-2-ol, 4-phenyl (15172) -5.4 

2-(1-Ethoxyethoxy)succinic acid, diethyl ester 

(552076) 

-4.8 

Butanedioic acid, hydroxy-, diethyl ester, (±) 

(1110) 

-5.2 

Undeca-3,4-diene-2,10-dione (538547) -4.9 

 
TABLE-5 

DETAILS OF DOCKING INTERACTIONS FOR THE LIGANDS 

Ligand Receptor Interaction Distance 

Binding 

energy 

(kcal/mol) 

2vf5_control 

N2 11 O VAL 399  H-donor 2.77 -10.0 

N2 11 O ALA 602  H-donor 2.85 -10.6 

O3 17 OE2 GLU 488  H-donor 2.66 -4.6 

O4 21 OG SER 401  H-donor 2.94 -0.9 

O1P 2 N GLN 348  H-acceptor 2.69 -7.7 

O1P 2 N SER 349  H-acceptor 2.93 -8.0 

O2P 3 NE2 GLN 348  H-acceptor 2.81 -7.3 

O2P 3 N SER 349  H-acceptor 3.12 -1.4 

O3P 4 OG SER 349  H-acceptor 2.51 -0.9 

O3P 4 OG1 THR 352  H-acceptor 2.56 -2.8 

O3P 4 CA SER 604  H-acceptor 3.16 -0.9 

O3 17 N SER 401  H-acceptor 3.00 -2.2 

O4 21 N THR 302  H-acceptor 2.92 -2.0 

N2 11 OE2 GLU 488  Ionic 3.64 -1.4 

2vf5_1110 

O2 9 OG SER 401  H-donor 2.71 -3.0 

O4 8 OG SER 303  H-acceptor 2.79 -1.4 

O3 12 N SER 349  H-acceptor 2.93 -3.8 

O3 12 OG SER 349  H-acceptor 2.68 -1.3 

2vf5 _15172 

O1 22 OG SER 347  H-donor 2.92 -0.7 

O1 22 N GLN 348  H-acceptor 2.95 -2.3 

O1 22 N SER 349  H-acceptor 2.89 -2.8 

O1 22 OG SER 349  H-acceptor 2.78 -1.6 

2vf5_102916 

O2 24 N GLN 348  H-acceptor 2.93 -2.0 

O2 24 N SER 349  H-acceptor 2.90 -5.3 

O2 24 OG SER 349  H-acceptor 2.76 -1.2 

TABLE-3 

LIST OF BIOACTIVE COMPOUNDS ISOLATED FROM ETHYL ACETATE FRACTION OF A. paniculate 

Name m.f. m.w. Retention time CAS number Peak area (%) 

Hexanoic acid C6H12O2 116 2.539 142-62-1 3.234 

Hexanoic acid, 2-ethyl-, ethyl ester C10H20O2 172 6.716 2983-37-1 3.773 

3-Buten-2-ol, 4-phenyl C10 H12O 148 6.911 17488-65-2 1.260 

2-(1-Ethoxyethoxy) succinic acid, diethyl ester C12H22O6 262 11.437 Nil 2.504 

Butanedioic acid, hydroxy-, diethyl ester, (±) C8H14O5 190 12.547 626-11-9 1.375 

Undeca-3,4-diene-2,10-dione C11H16O2 180 13.559 Nil 1.001 
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Fig. 1. Docking poses of the various complexes in 2D for the ligands and the control 

 

 

Fig. 2. Docking poses of the various complexes in 3D for the ligands (a-d) and the 3D protein complex-2VF5 
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with 14 amino acid residues, whereas ligand 102916 inter-

acted with 12 residues. Significantly, Thr302, Ser349 and 

Ser401 were consistently involved in the binding of all three 

top-ranked ligands, indicating that these residues may play 

important roles in ligand stabilization within the active site. 

The stronger interaction profile observed for ligand 15172 

may be associated with the presence of both a phenyl ring and 

allylic alcohol group, which could facilitate - stacking and 

hydrogen bonding interactions with active-site residues [37]. 

 In present study, the moderate binding affinities of the 

identified phytocompounds suggest their potential to interact 

with GlmS through multiple mechanisms. Ligand 1110, con-

taining a carboxyl functional group, may competitively inhibit 

substrate binding by mimicking fructose-6-phosphate, the 

natural substrate of the enzyme. In contrast, ligand 102916 

may interact through hydrophobic forces within the gluta-

mine-binding domain, thereby inducing conformational 

changes associated with allosteric inhibition [37-39]. Although 

the binding affinities of the phytocompounds were lower than 

that of the control ligand, the results indicate that the bio-

active compounds identified from A. paniculata possess pro-

mising inhibitory potential against GlmS and may serve as lead 

molecules for further structural optimization and antimicro-

bial drug development. 

 Molecular dynamics (MD) simulation: The molecular 

dynamics (MD) simulation results for the top three ligands 

and the control complex over 300 ns are presented in Figs. 3-6. 

Root mean square deviation (RMSD) analysis (Fig. 3) demon-

strated that protein backbone fluctuations were generally lower 

than ligand fluctuations throughout the simulation period. The 

control complex exhibited protein RMSD values ranging from 

0.2-3.0 Å, whereas its ligand fluctuated between 0.8-6.4 Å. 

Ligand 1110 showed protein and ligand RMSD values of 0.8-

3.6 Å and 1-8 Å, respectively, while ligand 15172 displayed 

protein RMSD values of 1.2-2.7 Å but substantially higher 

ligand fluctuations ranging from 10-80 Å. For ligand 102916, 

the RMSD values ranged from 1-3.75 Å for the protein and 

1.6-5.6 Å for the ligand. Since RMSD values below 4 Å gener-

ally indicate stable complexes [40,41], the complexes formed 

by ligands 1110 and 102916 exhibited stability profiles most 

comparable to the control, suggesting relatively stable protein–

ligand interactions [42-44]. 

 

 

Fig. 3. RMSD trajectories of the protein–ligand complexes during the 300 ns molecular dynamics simulation of (a) control ligand,  

(b) butanedioic acid, (c) 3-buten-2-ol, 4-phenyl-, and (d) ethyl 2-ethylhexanoate 
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 Root mean square fluctuation (RMSF) analysis (Fig. 4) 

revealed that most of the amino acid residues fluctuated 

within the range of 0.6-2.4 Å for both the control and ligand-

bound complexes indicating stable residue mobility. However, 

high fluctuations above 2.4 Å were observed around residues 

20, 260, 320 and 350, suggesting localized flexible regions that 

may influence complex stability. Interaction mapping (Fig. 5) 

showed variations in both the number and type of intermole-

cular interactions formed during the simulation. Hydrogen 

bonds represented the dominant interaction type, followed by 

water bridges, whereas ionic interactions were least abun-

dant. Ligand 15172 formed the highest number of interacting 

residues and exhibited relatively stronger hydrophobic inter-

actions compared with the other ligands, which may contri-

bute to its favourable docking behaviour. 

 Fig. 6 illustrates the contact frequency between ligands 

and amino acid residues during the simulation. The control 

complex formed 25 contacts, whereas ligands 1110, 15172 and 

102916 formed 20, 6 and 6 contacts, respectively. Persistent 

interactions were observed for residues Cys300, Thr302, Ser 

303, Gln345, Ser349 and Thr352 in the control complex, while 

ligand 1110 maintained stable contacts with residues inclu-

ding Thr302, Ser303, Ser347, Gln348, Ser349 and Lys603. 

In contrast, ligands 15172 and 102916 did not maintain conti-

nuous residue contacts throughout the simulation, indicating 

comparatively weaker interaction persistence. 

 Additional analyses involving radius of gyration (rGyr), 

molecular surface area (MolSA), solvent accessible surface 

area (SASA) and polar surface area (PSA) were performed to 

evaluate molecular compactness and surface exposure [45-47]. 

The values obtained for the test ligands were generally comp-

arable to those of the control complex, indicating similar 

structural compactness and folding behaviour. Ligand 15172 

showed the highest MolSA values, reaching approximately 

450 Å2, whereas the PSA values of all test ligands remained 

lower than those of the control. Principal component analysis 

(PCA) further revealed that ligands 1110 and 102916 exhibited 

the highest conformational motion among the tested comp-

lexes, suggesting greater dynamic flexibility during the simu-

lation period [29]. 

 Ligand properties and PCA analyses: The ligand 

properties (RMSD, rGyr, MolSA, SASA and PSA) were also 

evaluated and the results are shown in Fig. 7. The RMSD 

values for the control and ligands 1110, 15172 and 102916, 

the values ranged from 0.25-1.5, 0.25-0.6, 0.125-1.0 and 0.6-

0.8 Å, respectively. For rGyr, the values ranged from 2.85 to  

 

 

Fig. 4. RMSF trajectories of the protein–ligand complexes during the 300 ns molecular dynamics simulation of (a) control ligand,  

(b) butanedioic acid, (c) 3-buten-2-ol, 4-phenyl- and (d) ethyl 2-ethylhexanoate 
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Fig. 5.  Interaction profiles of amino acid residues and their corresponding bonding interactions in the protein–ligand complexes of (a) control 

ligand, (b) butanedioic acid, (c) 3-buten-2-ol, 4-phenyl-, and (d) ethyl 2-ethylhexanoate 

 

 

Fig. 6.  Time-dependent contact frequency and interaction persistence of amino acid residues during the 300 ns molecular dynamics simulation 

of glucosamine-6-phosphate synthase (PDB ID: 2VF5) complexes with (a) control ligand, (b) butanedioic acid, (c) 3 -buten-2-ol, 

4-phenyl-, and (d) ethyl 2-ethylhexanoate 
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3.30, 2.32 to 244, 2.80 to 2.96 and 2.6 to 3.0 Å. The MolSA 

values of the ligands ranged from 200 to 215, 0 to 180, 175 

to 182.5 and 208 to 204 Å2. Their SASA values ranged from 

25-100, 0-180, 0-450 and 25-175 Å2. The PSA values of the 

ligands ranged from 300-345, 194-198, 40-52 and 24-48 Å2. 

The results of the PCA for the various test ligands and the 

control is shown in Fig. 8. For all the test ligands and the 

control complex, the principal components PC1, PC2 and PC3 

were plotted against each other in the PCA analyses. The 

results showed that PC1 contributed the highest proportion of 

conformational motion in all complexes. Combined contri-

butions of PC1-PC3 accounted for 60.34%, 45.63%, 61.36% 

and 56.86% of the total variance for the control, ligands 1110, 

15172 and 102916, respectively, indicating that these principal 

components captured the major dynamic motions of the protein–

ligand complexes during the simulation period. 

 ADMET properties prediction and evaluation of the 

Lipinki’s rule of five of the bioactive compounds: The 

molecular descriptors and ADMET properties of the identi-

fied bioactive compounds and the standard drug are shown in 

Tables 6 and 7. The molecular weights of the compounds ranged 

from 116.16-262.30 g/mol, indicating that the compounds are 

relatively small molecules with favourable characteristics for 

drug development. According to Lipinski’s rule of five, com-

pounds with molecular weights below 500 g/mol generally 

possess good oral bioavailability; none of the identified com-

pounds violated this rule, suggesting promising drug-like 

potential. The high absorption values recorded for the bio-

active compounds (93.44-100%) further indicate favourable 

oral absorption and permeability characteristics. 

 All the compounds exhibited negative water solubility 

values indicating moderate aqueous solubility, a property 

important for drug absorption and distribution [34]. Skin per-

meability analysis showed that some compounds, including 

the control, possessed permeability values above -2.5 cm/s, 

while others ranged between -1.8 and -2.1 cm/s, suggesting 

moderate transdermal permeability suitable for potential topical 

formulations [35,42,48,49]. The volume of distribution (VD) 

values indicated that several compounds may distribute effec-

tively into body tissues, with some ligands exhibiting higher 

VD values than the control. Since higher VD values are asso-

ciated with broader tissue distribution [41,50], these compounds 

may possess improved systemic distribution characteristics. 

 Blood–brain barrier (BBB) analysis revealed poor brain 

distribution for all compounds, whereas central nervous system 

(CNS) permeability values (Log Ps > -2) suggested limited but 

possible CNS penetration [43,51]. Cytochrome P450 profiling 

demonstrated that none of the bioactive compounds acted as 

inhibitors or substrates of major CYP isoenzymes including 

CYP3A4, CYP2D6, CYP2C9, CYP1A2 and CYP2C19, indi-

cating reduced likelihood of adverse drug–drug interactions 

and metabolic complications [52]. Toxicity profiling further  

 

 

Fig. 7. RMSD, rGyr, MolSA, SASA and PSA plots of (a) control ligand, (b) butanedioic acid, (c) 3-buten-2-ol, 4-phenyl-, and (d) ethyl 2-

ethylhexanoate 
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showed that all compounds were AMES negative, suggesting 

absence of mutagenic potential and lower carcinogenic risk 

[51]. In addition, none of the bioactive compounds exhibited 

hepatotoxicity, whereas the control drug ciprofloxacin showed 

predicted hepatotoxic effects, consistent with previous reports 

associating ciprofloxacin with liver injury, hepatitis and high 

hepatic enzyme levels [38,51]. These findings indicate that 

the identified bioactive compounds possess favourable pharma-

cokinetic, safety and drug-likeness properties, supporting their 

potential as promising antimicrobial candidates against multi-

drug resistant uropathogens. 

 Conclusion 

 The present study demonstrated that the ethyl acetate 

fraction of Andrographis paniculata exhibited significant anti-

bacterial activity against multidrug-resistant uropathogens, 

with inhibition zones ranging from 12-18 mm, MIC of 6.25 

mg/mL and MBC of 12.5 mg/mL. GC-MS analysis identified  

 

Fig. 8. PCA and eigenvalue rank plots of (a) control ligand, (b) butanedioic acid, (c) 3-buten-2-ol, 4-phenyl-, and (d) ethyl 2-ethylhexanoate 

 
TABLE-6 

MOLECULAR DESCRIPTORS OF THE VARIOUS BIOACTIVE COMPOUNDS (LIGAND) AND A STANDARD DRUG (CONTROL) 

Properties 
Hexanoic acid,  

2-ethyl-, ethyl ester 

3-Buten-2-ol,  

4-phenyl 

Butanedioic acid, 

hydroxy-, diethy ester, (±) 

Control  

(ciprofloxacin) 

Formula  C10H20O2 C10H12O C8H14O5 C17H18FN3O3 

Molecular weight 172.26g/mol 148.20g/mol 190.19g/mol 331.34g/mol 

Number of heavy atoms 12 11 13 24 

Number of aromatic heavy atoms 0 6 0 10 

Fraction Csp3 0.90 0.20 0.75 0.41 

Number of rotatable bonds 7 2 7 3 

Number of hydrogen-bonds acceptors 2 1 5 5 

Number of hydrogen-bonds donor 0 1 1 2 

Molar refractivity  51.47 47.31 44.30 95.25 

TPSA (topological polar surface area) 26.30 Å2 20.23 Å2 72.83 Å2 74.57 Å2 
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several bioactive compounds, among which hexanoic acid 2-

ethyl-ethyl ester, 3-buten-2-ol, 4-phenyl and butanedioic acid 

hydroxy-diethyl ester (±) showed promising interactions with 

glucosamine-6-phosphate synthase (GlmS), a key enzyme 

involved in bacterial peptidoglycan biosynthesis. Molecular 

docking analysis revealed favourable binding affinities, with 

3-buten-2-ol, 4-phenyl exhibiting the strongest interaction 

among the phytocompounds. Important amino acid residues 

such as Thr302, Ser349 and Ser401 were consistently involved 

in ligand binding, indicating their role in active-site stabili-

sation. MD simulations confirmed the stability of the ligand–

protein complexes, particularly for ligands 1110 and 102916, 

which showed RMSD and RMSF profiles comparable to the 

control complex during the 300 ns simulation period. The 

hydrogen bonding and hydrophobic interactions contributed 

significantly to complex stability. ADMET analysis indicated 

favourable pharmacokinetic and safety properties, including 

high oral absorption, acceptable tissue distribution, absence 

of CYP inhibition and non-hepatotoxic behaviour. None of 

the compounds violated Lipinski’s rule of five, suggesting 

promising drug-like characteristics. These findings indicate 

that bioactive compounds isolated from A. paniculata possess 

considerable potential as lead molecules for the development 

of safer antimicrobial agents against multidrug-resistant uro-

pathogens associated with urinary tract infections (UTI). 
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TABLE-7 

ADMET PROPERTIES OF THE BIOACTIVE COMPOUNDS 

ADMET/Unit 

Bioactive compounds (Ligands) 

Hexanoic acid, 2-

ethyl-, ethyl ester 

3-Buten-2-

ol, 4-phenyl 

Butanedioic acid, 

hydroxy-, diethy ester, (±) 

Control 

(ciprofloxacin) 

Absorption  

Water solubility (Log mol/L) -2.803 -1.732 0.115 -2.897 

CaCO2 permeability (log papp in 10–6 cm/s) 1.607 1.405 0.852 0.492 

Intestinal absorption (human) (% absorbed) 94.955 94.4 92.163 96.466 

Skin permeability (Log kp) -1.814 -2.001 -2.873 -2.734 

P-Glycoprotein substrate (yes/no) No No No Yes 

P-Glycoprotein 1 inhibitor (yes/no) No No No No 

P-Glycoprotein 11 inhibitor (yes/no) No No No No 

Distribution 

VDss (human) (Log L/kg) 0.078 0.123 -0.193 -0.17 

Fraction unbound (human) (Fu) 0.462 0.342 0.766 0.648 

BBB permeability (Log BB) 0.586 0.306 -0.435 -0.587 

CNS permeability (Log Ps) -2.321 -1.292 -3.027 -2.999 

Metabolism 

CYP2D6 substrate (yes/no) No No No No 

CYP3A4 substrate (yes/no) No No No No 

CYP1A2 substrate (yes/no) No No No No 

CYP2C19 substrate (yes/no) No No No No 

CYP2C9 substrate (yes/no) No No No No 

CYP2D6 substrate (yes/no) No No No No 

CYP3A4 substrate (yes/no) No No No No 

Excretion  

Total clearance (Log mL/min/kg) 1.671 0.284 1.022 0.633 

Renal OCT2 substrate (yes/no) No No No No 

Toxicity 

AMES toxicity (yes/no) No No No No 

Maximum tolerated dose (human) (Log mg/kg/day) 0.599 0.584 0.993 0.924 

LERG 1 inhibitor (yes/no) No No No No 

LERG 11 inhibitor (yes/no)  No No No No 

Oral rat acute toxicity (LD50) (mol/kg) 1.834 2.153 1.93 2.891 

Oral rat chronic toxicity (LOAEL) (Log mg/kg-bw/day) 2.341 1.964 1.195 1.036 

Hepatoxicity (yes/no) No No No Yes 

Skin sensation (yes/no) Yes Yes No No 

T. pyriformis toxicity (Log µg/L) 0.683 0.173 -0.411 0.286 

Mininow toxicity (Log mm) 0.787 1.042 2.238 1.194 
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