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1. INTRODUCTION

Abstract

Background: Prostate cancer remains a critical global health challenge heavily medi
ated by androgen receptor (AR) signaling. Secondary metabolite&/dvoaya
koenigii (L.) Spreng., particularly carbazole alkaloids, possess diverse anticance
properties, yet their potential to target the AR lighimtling domain (LBD) remains
unexploredObjective: This study evaluated the binding affinity, active site interac-
tion modes, and ADME/drugikeness profiles of 2d. koenigiimetabolites against

the AR LBD /n silica Methods: Structurdased molecular docking was performed
using AutoDock4 against AR LBD (PDB ID: 3B67), validated by redocking-the co
crystallized ligand SARM-@3. Physicochemical, pharmacokinetic, and-dikey

ness profiles were predicted using SwisHADResults: Redocking validated the
protocol with an RMSD of 0.77 d. Ni ne
binding energiessG < -9.52 kcal/mol) compared to SARM-£3. While ma-
hanimbinedisplayed the highest affinigyG( =-11.48 kcal/mol), it violated drug
likeness parameters. Convers€lymethylmurrayamindemonstrated a wellal-

anced profile with a strong binding affinigyG(=- 10.03 kcal.mol; Ki = 45.45 nM),

key interactions with essential hydrophobic residues (LEU704, TRP741, MET742,
MET745), and zero violations across five dikeness rulesConclusion O-
methylmurrayamingepresents a promising lead scaffold fortakBeted therapy
warranting furthern vitroandin vivovalidation

Keywords: Murraya koenigjiandrogen receptor; molecular docking; carbazole
alkaloids; AutoDock4; SwissADME; prostate cancer

Prostate cancer is one of the most frequently diagnosed malignancies among men worldwide and is a hegjbih public
problem. The GLOBOCAN 2020 data indicating approximately 1.4 million new prostate cancer cases globally, v
prostate cancer ranked amahg leading cancers in Indonesian men [1,2]. Although several therapeutic strategies
available, disease progression and recurrence remain closely associated with persistent androgen receptor (AR) ¢
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Androgen deprivation therapy, androggmthesis inhibition, chemotherapy, and other systemic approaches therefo
remain important components of prosteségcer management [3].

The androgen receptor, encoded by the AR gene on the X chromosome, is a member of the nuclear receptor superf:
It contains an Nterminal transactivation domain, a DNbdnding domain, a hinge region, and aefminal ligand
binding domain (LBD). Bindmnof testosterone or dihydrotestosterone to the LBD promotes receptor activation and tra
scriptional regulation of androgegsponsive genes. Alterations in androgen synthesis, AR amplification, receptor mut
tion, and generation of splice variants conibutherapeutic resistance in advanced prostate cancer [4,5]. Consequent
disruption of androgeAR signaling through competitive occupation of the LBD remains a rational strategy for identify
ing new antiprostatecancer agents.

Natural products provide a chemically diverse source for ligand disddvenya koenigi(L.) Spreng., commonly
known as curry leaf or salam koja, is an aromatic plant belonging to the Rutaceae family. The plant is traditionally u
a culinary spice and is distributed widely in South and Southeast Asia, including Ind8hdgtéchenical investi-
gations have identified numerous secondary metabolites from different plant parts, including carbazole alkaloids,
noids, flavonoids, phenolics, carotenoids, and other constituents. Reported bioactive compounds include mahanine
hanimbire, isomahanine, koenimbine, girinimbine, pyrayafoline D, murrayafoline, murrayazoline, koendiiekny®
murrayamine, murrayanine, and related metabolites [6,7].

Pharmacological studies summarized in the source reference inditatédbaig/iand its constituents have antioxidant,
anti inflammatory, antimicrobial, hepatoprotective, neuroprotective, and anticancer g@id}ida particular, maha-

nine, girinimbine, and koenimbine have been associated with anticancer effects in previous inves8jalensifo
theless, evidence in the source material does not establish whether these metabolites can interact diseudiyogith the
receptor binding pocket. This represents a specific mechanistic gap that can be addressed initially udiagedructur
computational screening.

Molecular docking is a computational approach for predicting the preferred orientation of a ligand within a protein binc
site and estimating its binding affinity. The approach can reduce the number of compounds requiring experimental sc
ing and cannovide a structural rationale for liggmetein recognition [012]. In the present study, oriented docking
was selected because the binding region of the androgen receptor was defined from the experimentally resplved re
ligand structure. AutoDock4ithh a Lamarckian Genetic Algorithm was used for docking, while Discovery Studio Visu-
alizer was used to inspect pratigand interactions. The docking protocol was validated by redocking the native liganc
and the resulting candidates were subsequegiliyatad for physicochemical properties, lipophilicity, solubility, pharma-
cokinetic descriptors, and drligeness using SwissADME.

The novelty of this work is the integrated computational assessment of a set of 20 secondary metabolites f@ported fi
koenigiragainst the androgen receptor, followed by interaction profiling and preliminalikeinags assessment of the
strongest docking candidates. The study aimed to (i) idéh#iyenigiimetabolites with favorable predicted binding to
the androgen receptor, (ii) characterize the residues and interaction patterns involved in binding, and (iii) determine \
high- affinity candidates show comparatively favorable predicted physicochehpbalraacokinetic properties.

2. MATERIALS AND METHODS
2.1. Material

The molecular materials comprised the androgen receptor structure and 20 secondary metabolites répcktethifrom
gifincludingmahanine, mahanimbine, isomahanine, koenimbine, girinimbine, isolongifolene, pyrayafoline D, murray
foline, murrayazoline, koenoline, -férmyl 3- methylcarbazole, Onethylmurrayamine, koenine, koenigine,
mukonicine, mahanimbinine, murrayacinine, mahanimbpmukoeic acid, and murrayanine [6,7]. The receptor struc-
ture and native ligand were obtained from the RCSB Protein Data Bank using PDB ID 3B67
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2.2. Instrument

Computational work was performed on a computer. AutoDock Tools 1.5.7/AutoDock4 was used for receptor and lig;
preparation and molecular docking; ChemDraw and Chem3D Pro were used to generate and minimize ligand struct
Biovia Discovery Studio Visusdr was used for interaction analysis; and SwissADME was used to estimate physicoch
ical properties, lipophilicity, solubility, pharmacokinetic descriptors, andikiEngss

2.3. Method
2.3.1.Protein and Nativd.igand Preparation

The receptor and native ligand were separated using AutoDockIDjdi8ater molecules were removed to reduce the
computational burden, after which hydrogen atoms were added during receptor/ligand preparation. The prepared rec
and ligand were converted to PDBQT format. The docking region was defined around the difadifighe native
ligand.

2.32. Ligand Preparation

Two-dimensional structures of the 2D koenigiimetabolites were prepared using ChemDraw and converted to three
dimensional structures using Chem3D [B8). Geometry minimization was performed using the MMFF94 force field,
and the resulting structures were saved in PDB format before conversion to theatwogagle format.

2.3.3. Docking Protocol and Validation

To define the search space, a griddemtredon the cecrystallized ligand (SARM-23) binding pocket was generated
with dimensions d34 x 34 x 34 o i, a drid spacing 6t375d, andcentrecoordinates setat 27.291y = 3.651and

Z = 7.321Method validation was performed by redocking SARNZinto the AR active site using 100 docking runs
via the Lamarckian Genetic Algorithm (LGA). A roman square deviation (RMSD) thresholckat0 d between the
re-docked pose and the native crystal orientation was set as the validation criterion

2.34. Docking-data Analysis

Docking results were evaluated descriptively using predicted binding freeséhengredicted inhibition constant (Ki),
and the identity of interacting amiaeid residues. More negata@ values and lower Ki values were interpreted as
indicators of stronger predicted affinity relative to the native ligand. The béitdingteractions were subsequently vis-
ualized with Biovia Discovery Studio Visualizer. Particular attention was ghyglrdgen bonds and hydrophobic in-
teractions involving residues located within the nrditpaad binding region.

2.35. In Silico ADME and Druglikeness Analysis

The nine metabolites with more favorable docking values than the native ligand were subjected to SwissADME an
[14]. The assessae@scriptorgicluded molecular weight, heavy atoms, aromatic heavy atoms, fraction sp3, rotatable bor
hydrogenbond acceptors and donors, topological polar surface area (TPSA), XLOGP3, WLOGP, MLOGI
ESOL/AII/SILICOSIT solubility estimates, gastrointestinal atisorblood brain barrier penetration; glycoprotein
substrate status, cytochrome P450 inhibition predictions, skin permeability (Log Kp), dikerdrsg according to
Lipinski, Ghose, Veber, Egan, and Muegge m¢iig]$6]

3.RESULT AND DISCUSSION
3.1. Validation of The Molecular Docking Protocol

Redocking of the cacrystallized ligand SARM-@3 into the AR LBD yielded an RMSD &.77d, well below the
standar@.0d threshold, confirming that the docking parameters reliably reproduce the experimental bind{rigmode
ure 1). The redocked pose was therefore considered sufficiently similar to the experimentally obseligaddative
entation to support subsequent screening. The corresponding predicted binding energy of the native lig&#d was
kcal/mol and its predicted Ki was 104.57 nM. This validation step is essential because compatigandtitaiting
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scores is meaningful only when the selected search space and docking parameters can reproduce the reference
mode with acceptable deviation [10,11].

Figure 1. Validation of the molecular docking protocol via a redocking process using the original SZRMand (the initial
l'igand is shown in yellow and the docking result i@ancgree
critei on of 2 (.

Table 1 summarizes the predicted docking scores for the native ligand afdl kme2@)//imetabolites. Nine metabolites
displayed more negatig€& and lower Ki than SARM @3. Based on Table &f the 20 screened metabolites, nine
compounds demonstrated predicted binding energies more favorable than S2MG--9.52 kcal/mol; Ki = 105.31
nM). Mahanimbinexhibited the lowest binding ener@yG =-11.48 kcal/mo))followed bykoenimbing3G =-10.82
kcal/mol)and girinimbine(3G =-10.41 kcal/mol)Conversely/murrayafolingielded a positive binding enei@G =
+4.42 kcal/mo))indicating unfavorable binding due to severe steric hindrance within the hydrophobic cavity.

Table 1. Predicted binding energy amtuibition constant of\l. koenigiimetabolites against the androgen receptor (PDB 1D 3B67).

Ligand 3G (kcal/maol) Estimated Ki
SARM C-23 (native) 9.52 104.57 nM
Mahanine 11.30 5.17 nM
Mahanimbine 11.48 3.84 nM
Isomahanine 11.25 5.64 nM
Koenimbine 9.48 112.42 nM
Girinimbine 9.50 108.39 nM
Isolongifolene 7.86 1740 nM
Pyrayafoline D 10.92 9.92 nM
Murrayafoline +4.42 N/A
Murrayazoline 10.46 21.57 nM
Koenoline 7.57 2,83 M
9-formyl 3- methylcarbazole 7.54 3,01 9gM
O-Methylmurrayamine 10.03 44.60 nM
Koenine 8.95 276.96 nM
Koenigine 8.85 327.84 nM
Mukonicine 9.13 203.80 nM
Mahanimbinine 10.34 26.32 nM
Murrayacinine 10.76 13.07 nM
Mahanimboline 11.40 4.43 nM
Mukoeic acid 7.30 4,480 TM
Murrayanine 8.01 1340 nM
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The binding energy value indicates the strength of the energy interaction between the ligand and the receptor. The |
the binding energy value, the stronger the bond formed between the ligand and the receptor. The inhibition const
meanwhile, is a ltee that indicates the resistance to interaction between the ligand and the receptor. The smaller
inhibition constant, the less resistance there is to the ligand interacting with or binding to the receptor, themdpy incre
the | iganthdrecepwof.f i nity for

3.2. Docking Affinity of M. koenigii Metabolites

Among the screened metabolites, mahanimbine showed the most favorable predicted dockihgy.48dceal/mol; Ki

3.84 nM), followed by mahanimboline11.40 kcal/mol; 4.43 nM), mahaninel{l.30 kcal/mol; 5.17 nM), and isoma-
hanine ( 11.25 kcal/mol; 5.64 nM). Pyrayafoline D, murrayacinine, murrayazoline, mahanimbininepaidy®nur-
rayamine also showed more favorable predicted affinity than the native ligand. In contrast, several metabolites dis
weaker predicted affinity, whitaurrayafoline produced a posita@® (+4.42 kcal/mol) in the reported docking output
and therefore did not show a favorable predicted interaction under the selected conditions (as shown in figure 2).

Mahanimbine -

Mahanimboline

Mahanine

Isomahanine

Pyrayafoline D

Murrayacinine -

Murrayazoline

Mahanimbinine

O-Methylmurrayamine

SARM C-23
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Koenine -
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Figure 2. Predicted binding free energie&] of the reported/. koenigiimetabolites against the androgen receptor. The dashed
line denotes the natiMegand value of 9.52 kcal/mol.
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The nine highranking compounds are chemically related to the diverse cantezq@kytochemistry oM. koenigii

Their stronger predicted binding than SARM23 should, however, be interpreted as a ranking result rather than direc
evidence of receptor inhibition. Docking scores are approximations generated by a scoring function and do not full:
count for proteirflexibility, solvent effects, entropic contributions, receptor conformational ensembles, or cellular ph:
macology. Thus, the present results are most appropriately considered a prioritization step for experimental vali
rather than proof of anticameetivity [10,17,18].

The predicted Ki values were consistent wittsi@eanking: compounds with the most negative binding energies gen-
erally showed the lowest predicted Ki. This concordance strengthens the internal interpretation of the docking sc
The results also indicate that structural similarity alone is inguffiggeadict affinity, because compounds within the
same broad phytochemical group produced substantially different docking scores. The orientation and complemer
of each ligand within the binding pocket therefore appear to be important deternfipegdscted affinity.

3.3. Binding site Interaction Profile

The interaction analysis was further supported by the complete residue profiles presented in Table 2. While Figu
summarizes the residues shared between the selected metabolites andlip@nadaititeraction environment, Table 2
demonstrates thaaeh compound also interacted with additional residues surrounding the androgen receptor bind
cavity. Therefore, the interaction heatmap should be interpreted as a visualization of residue overlap rather than a co
representation of all receptilgand contacts.

8 Residue overlap with the native-ligand interaction environment

MET
LEU il "
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Figure 3. Comparative interaction profile of the native ligand and selectedfliighMurraya koeniginetabolites within the
androgen receptor binding site. (A) Faonensional interaction map of the native ligand and (B) residue overlap analysis betwee
the native ligand and nine selected metabolites.

The native ligand interacted with ARG752, GLN711, LEU704, LEU707, MET742, MET745, MET749, PHE764, and
TRP741. Among these residues, LEU704, LEU707, MET742, MET745, MET749, PHE764, and TRP741 were fre
quently shared by the selected Hadfinity metabolite@=igure 3B). This pattern indicates that the metabolites were pre-
dicted to occupy a binding environment overlapping substantially with that of the native ligand.

However, Table 2 shows that the candidate metabolites also established interactions with residues not observec
native ligand profile, including LEU873, MET780, MET787, MET895, HIS874, ILE898, ILE899, PHE876, PHE891,
THR877, VAL746, and VAL903. Thesadditional contacts suggest that individual metabolites may adopt distinc

J Pharm Nat S@i026, 3(2), 89- 101 https://doi.org/10.70392/jpn8i2.53 B- CRETA Publisher



Nayla Shaffa Mardhiya a/
In Silico Molecular Docking o¥urraya koenigfL.) Spreng. Metabolites against the Androgen Recep 95 of 101

orientations within the receptor cavity while maintaining interactions with a common core of théigatvdinding
environment.

Table 2. Predicted interacting residues of the native ligand and seleesdtirityil/. koenigiimetabolites within the androgen
receptor binding pocket.

Ligand Interacting Active Site Residues

Native ligand ARG5, GLN711, LEU704, LEU707, MET742, MET745, MET749, PHE764, TRP741
Mahanine LEU704, LEU707, LEU873, MET742, MET745, MET780, MET895, PHE876, TRP741
Mahanimbine HIS874, LEU704, LEU707, MET742, MET745, MET749, MET895, PHE764, TRP741, VAL903
Isomahanine LEU704, LEU707, LEU873, MET742, MET745, MET780, MET895, PHE764, PHE876, TRP741

HIS874, ILE898, LEU704, LEU707, LEU873, MET742, MET745, MET749, MET787, PHE764, TRP:

Pyrayafoline D VAL746, VAL903

Murrayazoline LEU704, LEU873, MET742, MET745, MET749, MET780, MET787, MET895, PHE764, TRP741, VAL746
O-Methylmurrayamine HIS874, ILE898, ILE899, LEU704, MET742, MET745, MET749, MET895, PHE764, PHE891, TRP741, VAI
Mahanimbinine ARG752, LEU704, LEU707, MET742, MET745, MET749, MET895, PHE764, TRP741

Murrayacinine LEU704, LEU707, LEU873, MET742, MET745, MET780, MET895, PHE764, TRP741

Mahanimboline LEU701, LEU704, LEU707, LEU873, MET742, MET745, MET780, MET895, THR877, TRP741

Interaction analysis revealed that all nine top candidates bind within the canonical androgen binding pocket. Key h
phobic contacts were consistently formed with LEU704, TRP741, MET742, MET745, and VAL746. N@lably,
methylmurrayaminstabilized its complex through strong hydrophobic interactions with TRP741 and MET742, mim-
icking the essential binding envelope of reference AR modulators.

Among the compounds evaluated, mahanimbine showed extensive overlap with tHigaativeteraction profile, in-
cluding LEU704, LEU707, MET742, MET745, MET749, PHE764, and TRP741, while simultaneously interacting witt
HIS874, MET895, and VAL903. This exisive interaction network may contribute to its favorable predicted binding
energy of 11.48 kcal/mol. Similarly, pyrayafoline D showed a broad interaction profile involving several shared resi
together with additional contacts at HIS874, ILE898, LEU873, MET787, VAL746, and VAL903.

Mahanine and isomahanine exhibited a related interaction pattern characterized by conserved contacts with LE!
LEU707, MET742, MET745, and TRP741, accompanied by interactions with LEU873, MET780, MET895, and
PHEB876. Although these compounds did notadpce all nativdigand contacts, their favorable docking energies suggest
that alternative interaction networks within the same binding cavity may provide sufficient stabilization.

Interestingly, mahanimbinine was the only selected metabolite reported to retain interaction with ARG752, a residue
involved in nativeligand binding. Nevertheless, its predicted binding enef).34 kcal/mol) was less favorable than
that of mahanimbine and mahanimboline. This observation indicates that the number of residues shared with the |
ligand does not directly determine docking affinity. Instead, predicted binding energy retieetaltrmntribution of
multiple factors, including interaction type, ligand orientation, conformational complementarity, and hydrophobic pac
ing.

O-methylmurrayamine exhibited interactions with several residues shared with the native ligand, including LEU
MET742, MET745, MET749, PHE764, and TRP741, together with additional contacts involving HIS874, ILE898,
ILEB99, MET895, PHE891, and VAL903.tAbugh its predicted docking affinity was lower than that of several other
candidates, its more favorable physicochemical andildrngss profile supports its prioritization as a balanced candidat
for further investigation.

Overall, the combined interpretation of Figure 3 and Table 2 indicates that the 8éléetedig/imetabolites do not
simply replicate the interaction pattern of the native ligand. Instead, they appear to maintain interactions with a con
core of residues within the androgen receptor binding environment while establishingplegéficicontacts winheigh-

boring residues. This observation may explain why compounds with different residue interaction profiles can nevertt
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exhibit similarly favorable predicted binding energies. Therefore, both the extent of residue overlap and the addit
interaction network should be considered when interpreting docking results.

3.4. Physicochemical properties and ljpophilicity

The nine highaffinity compounds exhibited molecular weights ranging from 293.36 to 349.47 g/mol 6witka@able
bonds and topol ogical pol ar surface area (TPSA) val
that molecular siznd conformational flexibility were not the major differentiating factors among the candidates. In co
trast, substantial variation was observed in lipophilicity, hydbomyeling capacity, and polarity, suggesting that these
parameters may contribute margortantly to their predicted pharmacokinetic behavior [16,19].

Table 3. Selected physicochemical descriptors of the niraffiigty compounds

Compound MW Fraction sp3 Rotatable bonds HBA  HBD TPSA ( XLOGP3
Mahanine 347.45 0.30 3 2 2 110.48 6.27
Mahanimbine 331.45 0.30 3 1 1 108.45 6.63
Isomahanine 347.45 0.30 3 2 2 110.48 6.27
Pyrayafoline D 347.45 0.30 3 2 2 110.48 6.27
Murrayazoline 345.48 0.50 0 1 0 109.17 5.51
O- Methylmurrayamine 293.36 0.26 1 2 1 91.38 4.65
Mahanimbinine 335.48 0.39 6 1 1 108.69 7.00
Murrayacinine 347.45 0.26 6 2 1 109.06 5.80
Mahanimboline 349.47 0.30 6 2 2 109.80 5.45

The lipophilicity values, expressed as XLOGP3, ranged from 4.65 to 7.00. Mahanimbinine showed the highest pred
lipophilicity (XLOGP3 = 7.00), followed by mahanimbine (6.63), mahanine, isomahanine, and pyrayafoline D (6.27 ec
Such relatively high lipophilicity may facilitate hydrophobic interactions within the androgen receptor (AR) binding ce
ity, which is consistent with the predominantly hydrophobic interaction pattern observed in the docking analysis. Hc
ever, excessivgtiphilicity may also become a potential limitation for aqueous solubility and overall oral drug develc
ment. Thus, the highly favorable docking scores of these compounds should be interpreted together with their phy
chemical characteristics rather tt@msidered as independent evidence of lead quality [16,20].

In contrast, @Gmethylmurrayamine exhibited the lowest XLOGP3 value (4.65) among the nine candidates, together w
the | owest mol ecul ar weight (293.36 g/ mol) and TPSA
size provide a motmlanced physicochemical profile compared with several of the highly lipophilic candidates. Muri
yazoline also showed a comparatively lower XLOGP3 value (5.51), although its molecular and thyalogenhar-
acteristics differed from those ehi@thylmurayamine.

The differences in physicochemical properties are further illustrated by the SwissADME bioavailability radar profiles
ure 4). The radar evaluates six parameters related to oral bioavailability: lipophilicity (LIPO), molecular sizer{$1ZE), pc
(POLAR), agueous solubility (INSOLU), saturation (INSATU), and flexibility (FLEX). The pink area represents the ge
erally favorable physicochemical space, whereas the red polygon represents the predicted profile of each compour
nine compounds showed dist patterns, particularly along the lipophilicity and solubvéigted axes [14,19].

The radar profiles support the numerical findings in Table 3. Mahanine, mahanimbine, isomahanine, and mahanimkt
displayed relatively pronounced lipophilic characteristics, whemash@murrayamine showed a comparatively more
balanced distribution mss the evaluated parameters. This distinction is important because the compounds were init
selected based on their predicted BiRding affinity, but high receptor affinity alone does not necessarily translate int
favorable oral drutike propertis.

Interestingly, O@methylmurrayamine illustrates the importance of integrating binding affinity with physicochemical pro;
erties Its predicted binding energy 01.0.03 kcal/mol was less favorable than those of mahanimtingS(kcal/mol),
mahanimboline (11.40 kcal/mol), mahanine 11.30 kcal/mol), and several other candidates. Nevertheless, O
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methylmurrayamine showed the lowest XLOGP3, relatively low molecular weight, and a comparatively balanced b
vailability radar. Therefore, although it may not represent the strongest AR binder computationally, it may represe
more balanced starting pofor further lead optimization.

LIPO LIPO LIPO
FLEX SIZE FLEX SIZE FLEX SIZE
INSATU POLAR INSATU POLAR INSATU POLAR
INSOLU INSOLU INSOLU
Mahanine Mahanimbine Isomahanine
Pyrayafoline D Murrayazoline Mahanimbinine
Murrayacinine Mahanimboline O-Methylmurrayamine

Figure 4. Predicted bioavailability radar profiles of the ninedlffiigiity M. koenigiimetabolites.

This finding also illustrates an important principle in computational drug discovery: the best docking score does not
essarily identify the best drug candidate. Docking primarily provides an estimate r@fdeggodinteraction favorability,
whereagphysicochemical and ADME properties provide complementary information about whether a compound pc
sesses characteristics compatible with further drug development. Accordingly, the present study prioritized candids
considering both ARbinding affinityand predicted drugjkeness [10,14,16,19].

Taken together, the combined analysis of docking affinity, physicochemical descriptors, and bioavailability radar su
that the nine metabolites can be differentiated into candidates with very strong predicted AR binding but greater phy
chemical likilities and candidates with a more balanced overall prefiet@yimurrayamine falls into the latter category
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