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Abstract: Carbazole alkaloids from Murraya koenigii exhibit diverse structural features and
promising anticancer potential. This study evaluated the cytotoxic activity and structure-
activity relationship (SAR) of 24 carbazole alkaloids against HL-60 and HeLa cancer cell
lines, alongside molecular docking studies against the anti-apoptotic protein Bcl-2 (PDB
ID: 2W3L). The SAR analysis revealed that electron-donating and redox-active substituents,
particularly formyl groups, significantly enhanced cytotoxicity, while dimerization gener-
ally reduced potency. Docking results showed binding energies ranging from -5.49 to
—9.37 kcal/mol, with key interactions mainly involving Phe63, Asp70, Phe71, Met74, Val92,
Glu95, Leu96, Asp99, Glyl04, Phel09, Glulll and Phell2 residues. Potent compounds such
as mahanine (15) and murrayamine-] (18) exhibited both strong cytotoxicity (ICso = 12.1 and
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5.1 pg/mL for HL-60 and 12.8 and 7.7 ug/mL for HeLa, respectively) and favorable binding
affinities (-7.66 and -7.25 kcal/mol), suggesting that Bcl-2 inhibition contributes to their
activity. Conversely, murrayafolline-A (2) displayed notable cytotoxicity (ICso = 8.5 pg/mL
for HL-60 and 4.6 pug/mL for HeLa) despite only moderate predicted affinity (—5.71 kcal/mol),
indicating possible alternative mechanisms of action. Similarly, bisisomahanine (24) showed
the strongest predicted binding (-9.37 kcal/mol) with lowest ligand efficiency but negli-
gible cytotoxicity, suggesting that the high binding affinity is attributed to its bulky size.
Opverall, this study provides supportive computational insights into the cytotoxic potential
of carbazole alkaloids and highlights their predictive relevance for future mechanistic and
pharmacokinetic studies.
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1 Plant Source

The bark and leaves of M. koenigii (Linn.) Spreng (TM1006)
was collected from Jerantut, Pahang, Malaysia in March
2012. The voucher specimen is deposited at the herbarium of
Chemistry Department, Faculty of Science and Mathematics,
University Pendidikan Sultan Idris, Malaysia.

cardiotoxicity, hepatotoxicity, and differentiation syndrome
(Iyer et al., 2023). Cervical cancer, modeled by the HelLa
cell line, is another major global health burden, ranking as
the fourth most common cancer in women, with more than
600,000 new cases and more than 340,000 deaths reported
annually (He et al., 2024). Current treatment options include
radiotherapy, targeted therapy, and immunotherapy, which,
while effective, are difficult to promote due to high costs
and severe side effects (Kroschinsky et al., 2017). Therefore,
there is an urgent need for safer and more targeted therapeu-
tic alternatives and natural products have gained increasing
attention as sources of anticancer agents.

Among them, carbazole derivatives have gained inter-
est because they are known to exhibit many notable
biological activities, including antioxidant, antimicrobial,
anti-inflammatory, antifungal and anticancer effects (Capan
et al,, 2023; Hieda et al.,, 2014; Song et al., 2022). These com-
pounds also reported to induce apoptosis and inhibit tumor

2 Previous Studies

Acute promyelocytic leukemia (e.g., HL-60 cell line) is a
life-threatening hematologic malignancy (O’Connell et al.,
2011). Although these treatments are clinically effective,
they are associated with significant toxicities, including
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cell proliferation through diverse mechanisms (Utaipan etal.,
2017; Wang et al., 2016). Murraya koenigii (M. koenigii),

belonging to the Rutaceae family, is widely used in culinary
and traditional medicine across Southeast Asia (Buathong &
Duangsrisai, 2023). Our previous studies also showed that
the extracts from its bark, leaves, fruits, and roots are rich
in carbazole alkaloids (Tan et al., 2020, 2017; Ahmad et al,,

2015; Tan etal., 2014, 2015).

Computational approach by using molecular docking
offers a v aluable i nsight i nto t he b inding i nteractions of
carbazole alkaloids with the anti-apoptotic protein B-cell
lymphoma 2 (Bcl-2), complementing experimental cytotox-
icity studies. Bcl-2 plays an important role in inhibiting the
permeabilization of mitochondrial outer membrane by bind-
ing to pro-apoptotic proteins which prevents the release of
cytochrome-c and the subsequence activation of downstream
caspases. This allow cancer cells to evade programmed cell
death since bcl-2 are overexpressed in HL-60 and HeLa cells
compared to the normal cells, contributing to their sustained
survival and resistance to apoptotic triggers. By targeting Bcl-
2, it can restore the cancer cell’s apoptotic sensitivity and
thereby contributing to their cytotoxicity effect ( Toureetal.,
2013).

In the present study, 24 carbazole alkaloids previously iso-
lated from the bark and leaves of M. koenigii (Tanetal.,2015)
were used to examine for their structure-activity relation-
ship (SAR) based on the in vitro cytotoxic activities against
HL-60 and HeLa cell lines. The in vitro cytotoxic activities
were also performed on MRC-5 and NIH/3T3 which act
as normal cell lines to evaluate the compounds’ selectivity,
and vincristine (VCR) will be used as the positive control.
In addition, pharmacokinetic behaviors were evaluated by
examining the absorption, distribution, metabolism, and
excretion (ADME) properties to access the drug-likeness and
identify possible liabilities. To provide mechanistic insight,
molecular docking was performed against of Bcl-2 (PDB ID:
2W3L, Chain A) using AutoDock 4.2, and binding interac-
tions were analyzed with Discovery Studio Visualizer (Toure
et al,, 2013). By integrating SAR analysis with docking, this
study aims to elucidate structural features that modulate
both cytotoxic potency and Bcl-2 binding affinity, thereby
advancing the potential of M. koenigii carbazole alkaloids as
leads for anticancer drug discovery.

3 Present Study

The isolation of various carbazole alkaloids from the bark
and leaves of M. koenigii were reported in our previous
study (Tan et al., 2015). These c arbazole a lkaloids c an be

categoried according to five c lasses: t ricyclic carbazoles,

quinone-type tricyclic carbazoles, pyrano|[3,2-aJcarbazoles,
cyclic monoterpenoid pyrano[3,2-a]carbazoles, and biscar-
bazoles. In brief, the cytotoxic activities of these alkaloids
were assessed using the MTT [3-(4,5-dimethylthiazol-2-
yD)-2,5-diphenyltetrazolium bromide] assay against human
promyelocytic leukaemia cell lines (HL-60), cervical cancer
cell lines (HeLa), normal human lung fibroblasts (MRC-5),
and mouse embryonic fibroblasts (NIH/3T3) cell lines in

2

vitro. Briefly, cells were seeded in 96-well plates and incu-
bated overnight at 37 °C in a humidified atmosphere with 5%
CO; to allow attachment (for HeLa cells), followed by treat-
ment with varying concentrations of the compounds. After
72 hours of incubation, 20 pL of MTT solution (5 mg/mL in
PBS) was added to each well and incubated for 4 h at 37 °C,
after which the medium was carefully removed and the pur-
ple formazan crystals formed were solubilized with 100 uL of
dimethyl sulfoxide (DMSO). The absorbance was measured
at 570 nm with a reference wavelength of 630 nm using a
microplate reader, and cell viability was calculated relative
to untreated control cells using the formula: Cell viability
(%) = (Asample/Acontrol) x 100, where Asample and Acontrol 18
the absorbance of treated and control cells, respectively. The
cytotoxic activities (the ICsq values) against HL-60 and HeLa
cell lines were recorded. The results were then considered
for SAR analysis which focused on key structural features
such as electron-donating/withdrawing groups, ring system
variations, side chains, and dimerization.

Molecular docking was used to predict the binding affinity
ofligands towards the receptor proteins. The crystal structure
of the anti-apoptotic protein Bcl-2 (PDB ID: 2W3L, Chain A)
was retrieved from the Protein Data Bank (https://www.rcsb.
org) (Toure et al., 2013). All crystallographic water molecules
and co-crystallized ligands were removed prior to docking.
Polar hydrogens were added, and Kollman charges were
assigned using AutoDockTools 1.5.6 (Morris et al., 2009).
Docking studies were carried out with AutoDock 4.2 (Morris
et al., 2009), and the receptor and ligand files were saved
in PDBQT format for subsequent docking. The chemical
structures of neutral carbazole alkaloids were drawn and
the energy was minimized using Chem3D. Each ligand was
converted into PDBQT format using AutoDockTools for
subsequent docking. The docking grid was positioned over
the enzyme’s active site with the centre coordinates (X, Y, Z
= 41.320, 27.687, —12.684) and grid dimensions (X, Y, Z = 60,
60, 52). The docking protocol was validated by re-docking
the native ligand (ABT-737) into the active site, yielding an
RMSD value of 1.0040 A (<2.0 A) (Supporting Information-
Figure S1). This docked pose corresponded to the top-ranked
conformation based on binding affinity, confirming the accu-
racy and consistency of the docking results. AutoGrid was
performed to generate the grid file. The docking parameters
were chosen to be 10 genetic algorithm runs, 150 population
size and medium evaluation. The best docked conformation
with the most favourable binding energy was selected for
further analysis on the enzyme-ligand interactions. Docking
poses were visualized and analyzed using Discovery Stu-
dio Visualizer (BIOVIA, San Diego, CA, USA, 2020). The
keys protein-ligand interactions, such as hydrogen bonds,
hydrophobic interaction, and electrostatic interactions, were
recorded (Figure 1, Supporting Information-Figure S2). Key
interacting residues were identified and compared across
compounds to elucidate shared binding motifs. The pharma-
cokinetic properties of the carbazole alkaloids were predicted
using SwissADME (Daina et al., 2017). The SMILES strings
for the compounds were generated from the 2D structures
using ChemDraw and were used as an input on the website.
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(b)

Figure 1. Docking poses of the most biologically relevant compound Mahanine (15) (blue) with the Bcl-2 protein (PDB ID: 2W3L), compared
with the native inhibitor ABT-737 (yellow): (a) with complex pymol and (b) 2D interaction map. Different colors indicate various interaction
types: Hydrogen bonds (green dashed lines), electrostatic interactions (orange dashed lines), hydrophobic interaction (other colours)

Consensus LogP, topological polar surface area (TPSA) and
Lipinski rule of five violations were obtained.

For tricyclic carbazoles (1-8), in vitro cytotoxicity was
generally weak cytotoxicity, except for murrayafolline-A (2),
which exhibited ICsy values of 8.5 pg/mL (HL-60) and
4.6 pug/mL (HeLa). (Table 1). This may be attributed to
the presence of the two electro-donating groups (ortho-
OCHj; and and para-CHj), suggesting that moderate electron
donating can favorably influence cytotoxic effects. How-
ever, the docking results revealed only moderate binding
affinity (-5.71 kcal/mol) with mainly hydrophobic interac-
tions with Phe63, Tyr67, Phe71, Leu96 and Alal08 (Table 2,
Supporting Information-Figure S2). This suggested that
murrayafolline-A (2) may exert cytotoxicity via mechanisms
other than direct Bcl-2 inhibition, such as DNA intercalation,
oxidative stress induction or interaction with other protein
targets (Rebekky & Chakraborty, 2007), although further
experimental validation is required. Mahanimbilol (6),
Euchrestine-B (7) and mukoenine-B (8) showed a relatively
higher docking scores (-6.47, —6.58 and —6.08 kcal/mol,
respectively) but weak cytotoxicity potency, together with a
lower ligand efficiencies, implying that the observed docking
affinities may be achieved by molecular size rather than
efficient per atom interactions (Tables 1 and 2) (Kenny, 2019).
For quinone-type tricyclic carbazoles (9-10), the quinone
moiety likely contribute to cytotoxicity through redox-active
nature, such as ROS generation or covalent modification.
Murrayaquinone-A (9) and murrayaquinone-B (10) showed
ICs¢ values of 16.0 and 39.0 pg/mL (HL-60) and 36.7 and
6.6 pug/mL (HeLa), respectively, with docking energies of
-5.63 and —6.17 kcal/mol. Murrayaquinone-A (9) displays
higher ligand efficiency compared to murrayaquinone-B
(10), suggesting a more favourable interaction per atom
(Table 2).

Among pyrano[3,2-a]carbazoles (11-18), several com-
pounds demonstrated stronger cytotoxic activities, which
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were correlated with more favourable docking scores. Among
them, mahanine (15) and murrayamine-J (18) showed potent
cytotoxicity with IG5, value of 12.1 and 5.1 pg/mL for HL-60
and 12.8 and 7.7 pg/mL for HeLa, respectively, and showed
strong predicted binding scores of —7.66 and —7.25 kcal/mol
(Tables 1 and 2). Their predicted interactions, such as hydro-
gen bond (Glu95 and Asp99) and multiple hydrophobic
contacts (Phe63, Tyr67, Phe71, Met74, Val92, Leu96, Alal08
and Phell2) (Figure 1, Supporting Information-Figure S2),
suggested that Bcl-2 inhibition contributes significantly to
their bioactivity. Similarly, isomahanine (16) displayed rel-
atively favourable docking scores (-7.11 kcal/mol) with an
H-bond to Asp99, but its lower cellular potency and reduced
ligand efficiency suggest that steric bulk and poor efficiency
per atom may limit its biological effect (Table 2). Mono-
substituted derivates containing either electron-donating or
electron-withdrawing group at C-3 including girinimbine
(11), murrayacine (13) and mahanimbine (14) are generally
moderate to weak in cytotoxic activity, congruent with their
less favourable docking energies (-6.60 to —7.57 kcal/mol)
(Tables 1 and 2).

For cyclic monoterpenoid pyrano[3,2-aJcarbazoles (19-
21), cytotoxicity was moderate while for murrayakoeninol
(20) and bicyclomahanimbine (21) show relatively favorable
docking (-7.78 and -7.49 kcal/mol). These ligands interact
with several pocket residues (Phe63, Asp70, Phe71, Met74,
Val92, Glu95, Leu96, Asp99, Glyl04, Phel09, Glulll and
Phell2), primarily via hydrophobic contacts (Table 2, Sup-
porting Information-Figure S2). Their ligand efficiencies are
comparable, and the result indicates that the binding have
a moderate interaction with the ligand. This discrepancy
between their binding affinity and moderate cytotoxicity may
be attributed to entropic penalties due to structural flexibility,
or limited bioavailability in cellular environments (Lipinski
etal, 2001; Dong et al., 2021).
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Compound Mol. formula TPSA Mol. LogP H-bond H-bond  Lipiski’s rule
(A2) weight acceptors donors  of 5 violation
Murrayanine (1) Ci4sH;1NO,  42.09 225.24 2.69 3 1 0
Murrayafoline-A (2) Ci4H;3NO 25.02 211.26 3.31 2 1 0
Koenoline (3) CiH3NO, 4525 22726 249 3 2 0
3-formylcarbazole (4) C13HyNO 32.86 195.22 2.68 2 1 0
2-hydroxy-3methylcarbazole (5)  C;3H;;NO 36.02 197.23 2.93 2 2 0
Mahanimbilol (6) C,3H,,NO 36.02 333.47 5.82 2 2 1
Euchrestine-B (7) CysHyoNO, 45.25 363.49 5.75 3 2 1
Mukoenine-B (8) Cy3HpyNO, 5625 34947 5.0l 3 3 1
Murrayaquinone-A (9) C13HyNO, 49.93 211.22 215 3 1 0
Murrayaquinone-B (10) CioH;oNO; 59.16 309.36 3.65 4 1 0
Girinimbine (11) CisHi7NO 25.02 263.33 4.17 2 1 0
Koenimbine (12) Ci9H;9NO, 34.25 293.36 4.15 3 1 0
Murrayacine (13) CisHisNO,  42.09 27732 3.56 3 1 0
Mahanimbine (14) Cy3Hy;NO 25.02 331.45 5.62 2 1 1
Mahanine (15) Cy;3Hy;NO,  45.25 347.45 5.20 3 2 1
Isomahanine (16) Cy;3Hy;7NO,  45.25 33746 5.00 3 2 1
Murrayamine-B (17) CyyHy7NO, 34.25 361.48 5.61 3 1 1
Murrayamine-]J (18) Cy3Hy5NO, 34.25 34745 5.29 3 1 1
Murrayazolinol (19) Cy;3HysNO,  34.39 347.45 4.14 3 1 0
Murrayakoeninol (20) Cy3Hy;;NO,  34.39 347.45 4.19 3 1 0
Bicyclomahanimbine (21) C3Hy;NO 25.02 331.45 521 2 1 1
Bismurrayafoline-E (22) CysH56N,O4  90.50 724.97 5.21 6 4 2
Bispyrayafoline (23) CysHygsN, O,  50.04 660.89 10.39 6 4 2
Bisisomahanine (24) Cy7H50N, O 90.50 706.91 10.33 6 4 2

Biscarbazoles (22-24) generally exhibited weak activ-
ity, consistent with previous reports that dimerization of
monomeric scaffolds can reduce cytotoxic potency (Paquin,
Reyes-Moreno & Bérubé, 2021; Bednarczyk-Cwynar & Gin-
ther, 2017). However, bisisomahanine (24) presented the
most favorable docking score (—9.37 kcal/mol), mediated by
multiple hydrophobic interaction and electrostatic interac-
tion (including a m-anion contact with Glu95) (Supporting
Information-Figure S2). However, its low ligand efficiency
and lack of corresponding in vitro activity suggest that the
high docking score may be largely size-driven and that other
factors (desolvation, entropy, permeability) limit cellular
efficacy.

Carbazole alkaloids from M. koenigii display diverse cyto-
toxic activities depending on their structural features. The
SAR study revealed that electron-donating and redox-active
groups enhance anticancer potential, while pyrano and
dimeric structures reduce efficacy. Moreover, these findings
also suggest that while Bcl-2 inhibition may contribute to
the activity of certain carbazole alkaloids, other mechanisms
are also likely involved, and future work should explore
multi-target effects and pharmacokinetic properties to fully
understand their anticancer potential.

Table 3 summarizes the drug-likeness parameters of 24 car-
bazole alkaloids evaluated using computational tools. Most
compounds meet Lipinski’s rule of five, indicating good oral
bioavailability potential. Specifically, most compounds have

molecular weights below 500 Da, log P values below 5, <10
hydrogen bond acceptors, and <5 hydrogen bond donors. No
rule violations were observed for compounds 1-20, indicat-
ing good drug-likeness. Compounds with one undesirable
behavior (6-8, 14-18, 21) primarily exhibited higher log
P values, indicating enhanced lipophilicity. The molecular
weights and log P values of dimeric carbazoles (22-24) were
outside the limits, indicating low oral bioavailability. Overall,
the results suggest that most monomeric carbazole alka-
loids meet standard drug-likeness criteria and are promising
candidates for further optimization, while dimeric analogs
may require structural modifications to enhance pharma-
cokinetic properties.

In conclusion, this study demonstrates that carbazole alka-
loids exhibit potent cytotoxicity against HL-60 and HeLa
cells, but minimal toxicity against normal cells. Molecular
docking analysis further confirmed that these compounds
may interact with the anti-apoptotic protein Bcl-2, suggest-
ing that their cytotoxicity may be mechanistically related to
apoptosis. However, as Bcl-2 is only one of several poten-
tial targets involved in apoptosis regulation, this explanation
remains speculative. Therefore, future studies will include
mechanistic analyses to confirm the role of Bcl-2 and other
related pathways, as well as advanced computational stud-
ies such as molecular dynamics simulations, quantitative
structure-activity relationship binding free energy analysis to
reinforce the current computer modeling results.
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