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INTRODUCTION

Malaria remains a colossal global health menace, especially
ravaging developing nations with its most devastating toll in
sub-Saharan Africa, where countless children under the age
of five succumb to this relentless scourge [1]. The crisis has
deteriorated over time as the parasites evolve and develop resis-
tance to current antimalarial treatments [2]. Chloroquine, the
pioneering antimalarial drug of the late 1950s, initially spear-
headed the fight against malaria [3]. However, cunning parasite
mutations have conferred resistance by curtailing chloroquine
accumulation in the vacuole, severely undermining its efficacy
[4]. This resistance phenomenon has ominously extended to
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The relentless rise in Plasmodium falciparum’s resistance to existing antimalarial drugs has sparked an urgent quest for novel therapeutic
agents. For centuries, natural resources have been the bedrock of medicinal remedies, with β-carboline emerging as a beacon of hope in
antimalarial research. In this study, we delve into the potential of hyrtiosulawesine derivatives as revolutionary antimalarial compounds,
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results showed that most of the analogues exhibited strong binding affinities (-7.2 to -9.8 kcal/mol) to the Plasmodium falciparum lactate
dehydrogenase (pfLDH) protein, surpassing that of hyrtiosulawesine itself. Among these, compounds 2t and 1w demonstrated the strongest
binding, likely due to hydrogen bonding with Arg171 and Asn197. ADME profiling revealed that all hyrtiosulawesine derivatives displayed
favourable drug-likeness properties and adhered to the Lipinski Rule of 5 (Ro5) indicating their potential efficacy as antimalarial agents.
This investigation provides a foundation for further in vitro and in vivo investigations paving the way for the development of effective
treatments against malaria.
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other frontline treatments such as sulfadoxine-pyrimethamine,
mefloquine and even artemisinin. In response, the scientific
community is persistently striving to develop new antimalarial
drugs, aiming to diminish both the morbidity and mortality
inflicted by this enduring plague.

Natural products have long been a treasure trove of thera-
peutic agents, with marine organisms presenting a vast and
largely uncharted reservoir of bioactive compounds [5]. Among
these natural resources, artemisinin, derived from the plant
Artemisia annua also known as sweet wormwood or Qinghao
in traditional Chinese medicine has emerged as a potent anti-
malarial remedy [6]. This discovery was catalyzed by the moun-
ting resistance to previous antimalarial drugs such as chloro-
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quine, sulfadoxine-pyrimethamine, mefloquine and quinine.
While full resistance to artemisinin has not yet been reported,
reports of delayed parasite clearance times have sparked con-
cerns about the diminishing efficacy of artemisinin based combi-
nation therapies (ACTs) [7]. Consequently, researchers have
turned its gaze to the vast potential of natural compounds and
their derivatives, seeking to bolster the potency and longevity
of ACTs.

Various naturally occurring alkaloids with β-carboline,
dihydro-β-carboline or tetrahydro-β-carboline frameworks,
exhibit formidable efficacy against malaria [8]. A standout
example is manzamine, an alkaloid intricately combining a
β-carboline with a complex pentacyclic diamine ring system,
commanding considerable acclaim for its potent antimalarial
properties [9]. The isolation of manzamine A, a new anticancer
alkaloid, in the Okinawa marine sponge (Haliclona) by Sakai
et al. [10] in 1986 was a major development in the field. Subse-
quent investigations have extended to encompass other β-
carboline derivatives such as hyrtiosulawesine, sourced from
marine sponges Hyrtio erectus and Hyrtio reticulatus, along-
side the botanical treasure Alocasia macrorrhiza [11]. These
compounds have shown great potential in the treatment of
malaria due to their inhibitory effects on plasmodium parasites.

To expedite the investigation, analogues of hyrtiosula-
wesine are currently undergoing screening through a blend of
molecular docking and ADME analysis. Molecular docking
stands as a robust method enabling the prediction of how small
molecules bind and orient themselves within specific protein
active sites, thereby illuminating their potential as therapeutic

agents [12]. Beyond binding affinity, the ADME profiles of
these derivatives are evaluated to confirm favourable pharma-
cokinetic attributes essential for efficacy and safety as medicinal
compounds. This integrated computational strategy represents
an essential initial phase in the drug discovery process, guiding
the identification of candidates poised for further experimental
validation.

EXPERIMENTAL

Ligand preparation: Hyrtiosulawesine and its analogues
(Fig. 1) were selectively designed and illustrated using Chem-
Draw Pro 16.0. Their 3D structures were generated with Chem-
3D 16.0 and energy minimization was performed using the
same software. The optimized ligands were individually saved
in PDB format and then used in AutoDockTools (ADT) 1.5.6
[13]. The Gasteiger charges were calculated and the files were
saved in PDBQT format for molecular docking analysis.

Protein preparation: The target enzyme chosen pfLDH
(PDB ID: 1U4S) was obtained from the Protein Data Bank at
a resolution of 2.0 Å. Initially, the water molecules and co-
crystallized ligands were removed from its crystal structure.
Polar hydrogen atoms and Kollman charges were subsequently
added using ADT 1.5.6. The optimized protein structure was
then saved in PDBQT format for subsequent molecular docking
investigations.

Defining grid box for docking: A grid box was created
using AutoGrid in ADT 1.5.6 to encompass all amino acid
residues within the active site of interest, including the area
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Fig. 1. Chemical structures for in silico molecular docking analysis

occupied by the co-crystallized ligand (naphthalene-2,6-
disulfonic acid). The dimensions of the grid cavity were 8 Å ×
14 Å × 8 Å, centered at coordinates 23.587 × 17.939 × 5.185
along the x, y and z-axes, respectively. A grid spacing of 1.0 Å
was set to ensure sufficient coverage and resolution for accurate
docking calculations.

Molecular docking: Molecular docking analysis was
conducted using AutoDock Vina 1.5.6, employing a genetic
algorithm for its search method and semi-empirical approaches
to compute free energy as its scoring function. Prior to docking,
input configuration files were prepared, including protein and
ligand structures in PDBQT format, along with defined grid
coordinates. The docking parameters were set with 10 modes,
an energy range of 4 and exhaustiveness set to 100. The process
was executed via command mode and results were assessed
based on the binding affinity values (kcal/mol). Additionally,
Discovery Studio and PyMOL were utilized for 2D and 3D
visualization to analyze chemical interactions, including the
hydrogen bonds, hydrophobic interactions and bond distances
[14].

In silico ADME profiling: Physiochemical evaluation
plays a pivotal role in assessing the potential drug-likeness of
compounds, predicting crucial parameters such as absorption,
distribution, metabolism and excretion (ADME) [15]. Drug-
likeness scores for all analogues were determined using the
SwissADME server, inputting SMILES notations generated
during ligand preparation. According to Lipinski’s Rule of Five
(Ro5), drug-like compounds must adhere to specific parameters:
molecular weight (g/mol), number of hydrogen bond donors
(HBD), number of hydrogen bond acceptors (HBA), topolo-
gical polar surface area (TPSA), x log P calculation (Log P),
with allowance for no more than one violation.

RESULTS AND DISCUSSION

The molecular docking process commenced with a meti-
culous validation between the protein and its native ligand. As
Fig. 2 illustrates, the triumphant redocking of naphthalene-
2,6-disulfonic acid achieved an RMSD value of 0.694, well
below the 2 Å threshold, thereby showcasing the impeccable
precision of the docking methodology. The docked molecule’s
position was strikingly identical to that of the native ligand in
the protein’s X-ray crystal structure, underscoring the accuracy
of this approach [16]. All the subsequent docking studies rigor-
ously adhered to this protocol, with their binding affinities,
ranging from the most potent to the least, extensively recorded
in Table-1.

Fig. 2. Superposition of naphthalene-2,6-disulfonic acid (pink) as bound
and redocked native ligand (yellow)

Table-1 presents an illustrious ranking of binding affinities
for all ligands, meticulously ordered from the highest to the
lowest binding energy, along with the amino acid residues
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TABLE-1 
MOLECULAR DOCKING RESULTS OF HYRTIOSULAWESINE AND ITS DERIVATIVES 

Compounds 
Binding 
affinities 

(kcal/mol) 

Amino acid residue having  
interaction within 4 Å distance 

3-(6-Oxo-6H-indolo[3,2,1-de][1,5]naphthyridin-4-yl)-1H-indol-5-yl benzoate (2t) -9.7 Arg171, Ala236, Asn197, Gly196, Asn140 
3-(4,9-Dihydro-3H-pyrido[3,4-b]indole-1-carbonyl)-1H-indol-5-yl 2-chlorobenzoate 
(1w) 

-9.0 Asn140, Arg171, Ala236, Asn197, Val233, 
Gly196 

3-(9H-Pyrido[3,4-b]indole-1-carbonyl)-1H-indol-5-yl 2-nitrobenzoate (2b) -8.9 Asn140, Arg171, Ala236, Val233, Asn197, 
Gly196 

(3-(9H-Pyrido[3,4-b]indole-1-carbonyl)-1H-indol-1-yl)(4-fluorophenyl)methanone 
(2n) 

-8.8 Ala236, Asp168, Arg171, Asn140, Phe100 

(3-(9H-Pyrido[3,4-b]indole-1-carbonyl)-1H-indol-1-yl)(phenyl)methanone (2p) -8.8 Asn140, Gly196, Ala236 
(4,9-Dihydro-3H-pyrido[3,4-b]indol-1-yl)(1-(3-(trifluoromethyl)benzoyl)-1H-indol-3-
yl)methanone (2s) 

-8.8 Ala236, Gly196, Asn140, Met325 

(4,9-Dihydro-3H-pyrido[3,4-b]indol-1-yl)(1-(4-fluorobenzoyl)-1H-indol-3-
yl)methanone (2r) 

-8.7 Asn140, Arg171 

3-(4,9-Dihydro-3H-pyrido[3,4-b]indole-1-carbonyl)-1H-indol-5-yl 3-
(trifluoromethyl)benzoate (1y) 

-8.6 Ala236, Val233, Asn197, Gly196 

(1-(2-Chlorobenzoyl)-1H-indol-3-yl)(4,9-dihydro-3H-pyrido[3,4-b]indol-1-
yl)methanone (2q) 

-8.5 Ala236, Met325, Gly196 

3-(9H-Pyrido[3,4-b]indole-1-carbonyl)-1H-indol-5-yl 3-(trifluoromethyl)benzoate 
(1u) 

-8.4 Asn140, Arg171, Ala236, Asn197, Val233, 
Gly196 

3-(9H-Pyrido[3,4-b]indole-1-carbonyl)-1H-indol-5-yl 4-fluorobenzoate (1t) -8.1 Asn140, Arg171, Ala236 
3-(4,9-Dihydro-3H-pyrido[3,4-b]indole-1-carbonyl)-1H-indol-5-yl 4-fluorobenzoate 
(1x) 

-8.1 Asn140, Arg171, Ala236, Asn197 

3-(9H-Pyrido[3,4-b]indole-1-carbonyl)-1H-indol-5-yl 4-methoxy-3-
(trifluoromethyl)benzoate (2c) 

-8.1 Asn140, Arg171, His195 

3-(4,9-Dihydro-3H-pyrido[3,4-b]indole-1-carbonyl)-1H-indol-5-yl 2-nitrobenzoate 
(2f) 

-8.1 Asn140, Arg171, Ala236, Asn197 

(3-(9H-Pyrido[3,4-b]indole-1-carbonyl)-1H-indol-1-yl)(3-
(trifluoromethyl)phenyl)methanone (2o) 

-8.1 Ala236, Asp168, Arg171, Asn140 

3-(9H-Pyrido[3,4-b]indole-1-carbonyl)-1H-indol-5-yl 3,4,5-trifluorobenzoate (1z) -8.0 Asn140, Arg171, Ala236 
3-(4,9-Dihydro-3H-pyrido[3,4-b]indole-1-carbonyl)-1H-indol-5-yl 3,4,5-
trifluorobenzoate (2d) 

-8.0 Asn140, Arg171, Ala236, Asn197 

3-(4,9-Dihydro-3H-pyrido[3,4-b]indole-1-carbonyl)-1H-indol-5-yl 4-
(fluorosulfonyl)benzoate (2j) 

-8.0 Gly196, Arg171 

(1-Benzyl-1H-indol-3-yl)(9H-pyrido[3,4-b]indol-1-yl)methanone (2k) -8.0 Asn140, His195 
(4,9-Dihydro-3H-pyrido[3,4-b]indol-1-yl)(1-(3,5-dimethoxybenzyl)-1H-indol-3-
yl)methanone (2l) 

-8.0 Asn140, His195, Asn197, Gly196 

(1-Benzyl-1H-indol-3-yl)(4,9-dihydro-3H-pyrido[3,4-b]indol-1-yl)methanone (2m) -8.0 Asn140, Gly196, His195,  
3-(9H-Pyrido[3,4-b]indole-1-carbonyl)-1H-indol-5-yl benzoate (2a) -7.9 Asn140, Arg171, Ala236 
3-(4,9-Dihydro-3H-pyrido[3,4-b]indole-1-carbonyl)-1H-indol-5-yl benzoate (2e) -7.9 Asn140, Arg171, Ala236, Asn197 
3-(9H-Pyrido[3,4-b]indole-1-carbonyl)-1H-indol-5-yl 4-(fluorosulfonyl)-benzoate (2i) -7.8 Gly196, Ala236, Arg171 
3-(9H-Pyrido[3,4-b]indole-1-carbonyl)-1H-indol-5-yl 2-chlorobenzoate (1s) -7.7 Asn140, Arg171, Ala236 
3-(4,9-Dihydro-3H-pyrido[3,4-b]indole-1-carbonyl)-1H-indol-5-yl 4-methoxy-3-
(trifluoromethyl)benzoate (2g) 

-7.7 Thr101, Asn140, Arg171, Ala236 

(4,9-Dihydro-3H-pyrido[3,4-b]indol-1-yl)(5-(trifluoromethyl)-1H-indol-3-
yl)methanone (1o) 

-7.6 Asn140, Asn197, Ala236 

3-(9H-Pyrido[3,4-b]indole-1-carbonyl)-1H-indol-5-yl acetate (1r) -7.6 Asn140, Arg171, Ala236 
(6-(Benzyloxy)-9H-pyrido[3,4-b]indol-1-yl)(1H-indol-3-yl)methanone (1i) -7.5 Arg171, Ala236, Asn197 
(5-Bromo-1H-indol-3-yl)(9H-pyrido[3,4-b]indol-1-yl)methanone (1d) -7.4 Ala236, Arg171 
(4,9-Dihydro-3H-pyrido[3,4-b]indol-1-yl)(5-methoxy-1H-indol-3-yl)methanone (1j) -7.4 Ala236, Arg171 
(9H-Pyrido[3,4-b]indol-1-yl)(5-(trifluoromethyl)-1H-indol-3-yl)methanone (1h) -7.4 Ala236, Asn140 
3-(4,9-Dihydro-3H-pyrido[3,4-b]indole-1-carbonyl)-1H-indole-5-carbonitrile (1n) -7.4 Asn197, Ala236 
3-(9H-Pyrido[3,4-b]indole-1-carbonyl)-1H-indole-5-carbonitrile (1g) -7.4 Ala236, Arg171 
(5-Bromo-1H-indol-3-yl)(4,9-dihydro-3H-pyrido[3,4-b]indol-1-yl)methanone (1k) -7.3 Asn197, Ala236, Asn140 
(5-Chloro-1H-indol-3-yl)(4,9-dihydro-3H-pyrido[3,4-b]indol-1-yl)methanone (1l) -7.3 Asn197, Ala236, Asn140 
(4,9-Dihydro-3H-pyrido[3,4-b]indol-1-yl)(5-fluoro-1H-indol-3-yl)methanone (1m) -7.3 Asn140, Ala 236, Val 233 
(4,9-Dihydro-3H-pyrido[3,4-b]indol-1-yl)(1H-indol-3-yl)methanone (1q) -7.3 Asn140, Val233, Ala236 
3-(4,9-Dihydro-3H-pyrido[3,4-b]indole-1-carbonyl)-1H-indol-5-yl acetate (1v) -7.3 Asn140, Arg171, Ala236 
(5-Hydroxy-1H-indol-3-yl)(6-hydroxy-9H-pyrido[3,4-b]indol-1-yl)methanone (1a) -7.2 Arg109, Gly196, Arg171, Ala236 
(5-Hydroxy-1H-indol-3-yl)(9H-pyrido[3,4-b]indol-1-yl)methanone (1b) -7.2 Asn140, Ala236, Arg171 
(5-Methoxy-1H-indol-3-yl)(9H-pyrido[3,4-b]indol-1-yl)methanone (1c) -7.2 Asn140, Ala236, Arg171 
(5-Chloro-1H-indol-3-yl)(9H-pyrido[3,4-b]indol-1-yl)methanone (1e) -7.2 Ala236, Arg171,  
(5-Fluoro-1H-indol-3-yl)(9H-pyrido[3,4-b]indol-1-yl)methanone (1f) -7.2 Asn140, Ala236, Arg171 
(4,9-Dihydro-3H-pyrido[3,4-b]indol-1-yl)(5-methoxy-1H-indol-3-yl)methanone (1j) -7.2 Ala236, Asn140 
3-(9H-Pyrido[3,4-b]indole-1-carbonyl)-1H-indol-5-yl 3,4,5-trimethoxybenzoate (2h) -7.2 Asn140, His195, Ala236, Arg171 
(1H-Indol-3-yl)(9H-pyrido[3,4-b]indol-1-yl)methanone (1p) -7.0 Ala 236, Arg 171 
Naphthalene-2,6-disulfonic acid -5.2 Arg 171, Asn 140 
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involved in the binding interactions within a 4 Å distance. The
molecular docking studies have shown that nearly all analogues
exhibit strong binding to the DNA protein, with binding energies
ranging from -7.2 kcal/mol to -9.7 kcal/mol. In contrast, the
native ligand, naphthalene-2,6-disulfonic acid, displayed more
modest binding values (~ -5.2 kcal/mol). The hyrtiosulawesine
derivatives (2t) demonstrated the most significant binding inter-
actions with the protein, requiring the additional examination.
Compounds 1w and 2b also demonstrated better interactions,
solidifying their importance in this study.

The 3D representation of the DNA gyrase-ligand complex
revealed a breathtaking panorama where all the target comp-
ounds magnificently docked at the protein’s active site (Fig.
3a). Derivative 2t exhibited the highest binding affinities and
showed few interactions including pi-sigma, pi-donor hydrogen
bonds, van der Waals forces and hydrogen bonds. The hydrogen
bonding interactions were observed between the oxygen and
nitrogen atoms of the ligand and the amino acids of Arg171
and Asn197 residues (Fig. 3b). In a similar manner, compound
1w engaged with Arg171 and Asn197, as well as Val233 resi-
dues, through the formation of hydrogen bonds between the
amine groups in the scaffold (Fig. 3c). Mirroring the grandeur
of compound 1w, hydrogen bonding was observed through
Arg171, Asn197 and Val233 of compound 2b, with an
additional interaction at Asn140 adding to the complexity. In
a striking contrast, naphthalene-2,6-disulfonic acid (Fig. 3e)

displayed the same hydrogen bonding interactions between
Arg171 residues and two oxygen atoms of sulfonic acid attached
to the naphthalene backbone (Fig. 3e).

Interestingly, the pocket fit the hyrtiosulawesine analogues
well, particularly analogues 2t, 1w and 2b, which demonstrated
the comparable binding affinities observed (-8.9 to -9.7 kcal/
mol) (Fig. 3a). From the 2D representations (Fig. 3), it is illus-
trated that all three derivatives showed the same interaction
involving the amine moieties in the scaffold with Arg171 and
Asn197 via hydrogen bonding. However, the presence of
chlorine and nitrogen attached to benzoyl chloride substituents,
that fit into the deep pocket of the DNA gyrase, making -NH
of β-carboline ring interacting with Val233 and Asn140 residue
through the formation of additional hydrogen bonds (Fig. 3b)
while compared to compound 2t (- 9.7 kcal/mol). In addition
to all the derivatives docked, the O- and N- acylation of benzoyl
group were found to have good interaction compared to the
unsubstituted of acylation group indole, suggesting potential
for synthesizing similar compounds in the future. Even so,
the 5-substituted indole ring is also providing a good interaction
of binding affinities.

In silico ADME assessment: In silico ADME (absorption,
distribution, metabolism and excretion) assessment employs
advanced computational techniques and models to forecast
the pharmacokinetic behaviour of drug candidates. This method-
ology is crucial for modern drug discovery and development,

(b) (c) 

(d) (e)

Interactions Interactions

Interactions
Interactions

van der Waals
Conventional hydrogen bond

Conventional hydrogen bond
Carbon hydrogen bond

Conventional hydrogen bond
Carbon hydrogen bond Conventional hydrogen bond

Pi-Donor hydrogen bond
Pi-Sigma

Pi-Donor hydrogen bond
Pi-Sigma

Pi-Sigma
Pi-Donor hydrogen bond

Fig. 3. (a) 3D representation showing the docking poses of highest interaction ligands of 2t (blue), 1w (yellow) and 2b (red) docked at DNA
gyrase active site and 2D bonding interactions of compound (b) 2t, (c) 1w, (d) 2b and (e) naphthalene-2,6-disulfonic acid. The
distance between amino acid residues and the ligand was set to less than 4 Å
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enabling rapid evaluation of potential drug interactions within
the body, hence avoiding costly and time-consuming in vitro
and in vivo experiments [17,18]. One of the prevalent tools in
this domain, SwissADME, meticulously analyses each desc-
riptor to determine whether a chemical compound satisfies the

TABLE-2 
ADME ASSESSMENT OF HYRTIOSULAWESINE’S DERIVATIVES 

Compound MW (< 500 g/mol) Log P < 5 TPSA < 140 Å2 HBA < 10 HBD < 5 Lipinski rule 

1a 343.34 1.68 102.00 4 4 Yes; 0 violation 

1b 327.34 2.06 81.77 3 3 Yes; 0 violation 

1c 341.36 2.60 70.77 3 2 Yes; 0 violation 

1d 390.23 2.75 61.54 2 2 Yes; 0 violation 

1e 345.79 2.64 61.54 2 2 Yes; 0 violation 

1f 329.33 2.43 61.54 3 2 Yes; 0 violation 

1g 336.35 2.24 85.33 3 2 Yes; 0 violation 

1h 379.33 2.57 61.54 5 2 Yes; 0 violation 

1i 417.46 3.00 70.77 3 2 Yes; 0 violation 

1j 343.38 2.40 70.24 3 2 Yes; 0 violation 

1k 392.25 2.42 61.01 2 2 Yes; 0 violation 

1l 347.80 2.31 61.01 2 2 Yes; 0 violation 

1m 331.34 2.14 61.01 3 2 Yes; 0 violation 

1n 338.36 1.95 84.80 3 2 Yes; 0 violation 

1o 381.35 2.20 61.01 5 2 Yes; 0 violation 

1p 311.34 1.89 61.54 2 2 Yes; 0 violation 

1q 313.35 1.97 61.01 2 2 Yes; 0 violation 

1r 369.37 2.51 87.84 4 2 Yes; 0 violation 

1s 465.89 3.06 87.84 4 2 Yes; 0 violation 

1t 449.43 2.78 87.84 5 2 Yes; 0 violation 

1u 499.44 3.34 87.84 7 2 Yes; 0 violation 

1v 371.39 2.34 87.31 4 2 Yes; 0 violation 

1a 343.34 1.68 102.22 4 4 Yes; 0 violation 

1w 467.90 3.21 87.31 4 2 Yes; 0 violation 

1x 451.45 2.96 87.31 5 2 Yes; 0 violation 
1y 501.46a 3.25 87.31 7 2 Yes; 1 violation 

1z 485.41 2.70 87.84 7 2 Yes; 0 violation 

2a 431.44 3.08 87.84 4 2 Yes; 0 violation 

2b 476.44 2.58 133.66 6 2 Yes; 0 violation 

2c 529.47 3.07 97.07 8 2 Yes; 1 violation 

2d 487.43 3.08 130.78 7 2 Yes; 0 violation 

2e 433.46 3.05 87.31 4 2 Yes; 0 violation 

2f 478.46 2.71 133.13 6 2 Yes; 0 violation 

2g 531.48 3.42 96.54 8 2 Yes; 1 violation 

2h 521.52 3.36 115.53 7 2 Yes; 1 violation 

2i 513.50 2.39 130.36 7 2 Yes; 1 violation 

2j 515.51 2.89 129.83 7 2 Yes; 1 violation 

2k 401.46 3.31 50.68 2 1 Yes; 0 violation 

2l 463.53 3.53 68.61 4 1 Yes; 0 violation 

2m 403.48 3.22 50.15 2 1 Yes; 0 violation 

2n 433.43 3.27 67.75 4 1 Yes; 0 violation 

2o 483.44 2.92 67.75 6 1 Yes; 0 violation 

2p 415.44 3.04 67.75 3 1 Yes; 0 violation 

2q 451.90 3.53 67.22 3 1 Yes; 0 violation 

2r 435.45 3.18 67.22 4 1 Yes; 0 violation 

2s 485.46 3.43 67.22 6 1 Yes; 0 violation 

2t 455.46 3.27 76.46 4 1 Yes; 0 violation 

Red: poor; Yellow: intermediate; Green: good 
 

drug-likeness criteria established by experts like Lipinski,
Ghose, Veber, Egan and Muegge [19].

The ‘Rule of 5’ (Ro5) parameters encompass several critical
factors, including molecular weight (g/mol), the number of
hydrogen bond donors (HBD), the number of hydrogen bond
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acceptors (HBA), topological polar surface area (TPSA) and
the x log P calculation (LogP), with a stipulation that no more
than one violation is permissible. Under the Ro5, the molecular
weight (MW) should be less than 500 Daltons, compounds
exceeding this threshold may struggle to traverse cell memb-
ranes, potentially impairing their absorption and distribution
within the body [20]. Additionally, the LogP, the logarithm of
the partition coefficient between n-octanol and water, quantifies
a compound’s hydrophobicity. A LogP value over 5 indicates
excessive hydrophobicity, which can result in poor absorption
and solubility challenges. Furthermore, the number of hydrogen
bond donors (HBD), defined as the sum of OH and NH groups
in a molecule, should be under 5, as excessive hydrogen bonding
can obstruct a compound’s ability to cross cell membranes.
Conversely, the number of hydrogen bond acceptors (HBA)
must be fewer than 10, as a high HBA count can also impede
membrane permeability.

According to Table-2, hyrtiosulawesine and its derivatives
have successfully navigated the rigorous criteria of the Lipinski
Rule of 5 (Ro5), thus affirming their potential for oral adminis-
tration. Notably, while most derivatives comply with the Ro5,
certain exceptions such as 1y, 2c, 2g, 2h, 2i and 2j slightly
exceed the molecular weight threshold of 500 Daltons while
still adhering to Lipinski’s guidelines. Additionally, all deriv-
atives demonstrate satisfactory flexibility, although compounds
2b, 2d and 2i exhibit lower polar surface areas. The Ro5 stipu-
lates that effective orally administered drugs typically adhere
to no more than one of the following: fewer than five hydrogen
bond donors (HBD), fewer than 10 hydrogen bond acceptors
(HBA), a molecular weight under 500 Daltons and a cLogP
(lipophilicity) not exceeding five.

Conclusion

The molecular docking analysis of hyrtiosulawesine and
its analogues targeting DNA gyrase unveiled significantly enh-
anced binding affinities, ranging from -7.3 kcal/mol to -9.8
kcal/mol, surpassing that of naphthalene-2,6-disulfonic acid
at -5.2 kcal/mol. Remarkably, compound 2t emerged as the
standout with the highest binding affinity at -9.8 kcal/mol, attri-
buted to robust hydrogen bonding interactions with Arg 171
and Asn197 residues. Following closely, compounds 1w and
2b also demonstrated superior interactions compared to hyrtio-
sulawesine itself, forming additional hydrogen bonds with
Asn140 and Val233 residues. Moreover, extensive in silico
ADME analyses confirmed that hyrtiosulawesine analogues
strictly comply with the rigorous Lipinski Rule of 5 (Ro5)
criteria, supporting their suitability for oral administration.
These findings highlight compound 2t as a potential option
for antimalarial therapy targeting DNA gyrase, due to its favou-
rable ADME profile and remarkable binding affinity.
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