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Leishmaniasis is a neglected tropical disease, primarily affecting poor and developing countries. The present
therapeutic approach faces various limitations, such as concerns regarding toxicity, route of administration,
and the emergence of drug resistance. Therefore, there is a critical need to identify novel scaffolds to
combat this fatal parasitic infection. Leishmanial DNA topoisomerase 1B is a heterodimeric protein and
plays a crucial role in resolving topological problems during various biological processes. It is structurally
distinct from its human counterparts, making it an attractive target for drug discovery. In this study, we
synthesized various aminated indolylmaleimide derivatives targeting the leishmanial topoisomerase 1B
enzyme. In vitro leishmanicidal assays on Leishmania promastigotes identified one highly potent hit (3m),
showing considerable inhibition with single-digit micromolar ICsq values. Moreover, molecular docking
analysis of the potent hit (3m) confirmed its strong binding affinity with the enzyme. Thus, the hit molecule
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1. Introduction

Leishmaniasis is a vector-borne infectious disease of global
importance, affecting a large population in tropical and
subtropical regions. This neglected disease is chronic in
geographically distinct areas of Asia, Europe, the Middle East,
Northern Africa, southeastern Mexico, and other parts of
South America."”* The causative agent of the disease is a
unicellular protozoan parasite of the genus Leishmania,
belonging to the family Trypanosomatidae and order
Kinetoplastida. These unicellular protists exist in two different
forms, exhibiting a digenetic life cycle. The promastigote
form, which resides extracellularly in the gut of sandflies, is
flagellated, whereas the amastigote form, found in host
macrophages, is non-flagellated.”> Present chemotherapy for
leishmaniasis heavily relies on first-line drugs, including
pentavalent antimonials, followed by amphotericin B,
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(3m) holds promise as a lead for developing novel therapeutic strategies against leishmaniasis.

miltefosine, and paromomycin as second-line drugs of
choice.”® These parenteral drugs are quite unsatisfactory due
to numerous limitations, including toxic side effects,
prolonged treatment duration, emergence of drug resistance,
and exorbitant costs.® Due to these drawbacks, none of the
available anti-leishmanial drugs can be considered ideal for
eliminating parasites from all infected individuals. Therefore,
the development of new scaffolds with novel molecular
targets and intervention strategies, accompanied by improved
safety profiles, remains highly desirable.

Amongst the various anti-leishmanial scaffolds reported,
indole alkaloids have shown promising pharmacological
activity against the Leishmania parasite. In a recent study, we
demonstrated that the 3,3’-diindolylmethane (DIM) scaffold
stabilizes the topoisomerase 1-DNA complex by arresting
DNA relaxation activity, ultimately inhibiting replication and
transcription processes, which leads to apoptotic cell death
in the parasites.”® The most active compound in our DIM
series (A) showed an ICs, value of ~31 puM against L.
donovani promastigotes (Fig. 1). To improve anti-leishmanial
activity and topoisomerase 1 inhibition, we extended our
investigation to the indolylmaleimide scaffold. The
indolylmaleimide moiety is found in several biologically
active natural products (granulatimide, arcyriaflavins,
staurosporine, rebeccamycin, and agabamycin G) and is well-
documented for its anti-tumor activity through the inhibition
of protein kinases and topoisomerases.”' It has been
reported that indolylmaleimide-based compounds with a

This journal is © The Royal Society of Chemistry 2025
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Fig. 1 Literature reported 3,3'-DIM (A) and indolylmaleimide (B) are active against the Leishmania parasite. Target structure for anti-leishmanial

activity in the present study.

methyl group on the imide nitrogen result in the loss of PKC
inhibition and exhibit anti-tumor activity via inhibition of
topoisomerase 1. Recently, Gil and co-workers" screened the
LeishBox collection of leishmanicidal compounds developed
by GlaxoSmithKline and identified compound B (Fig. 1),
which contains the indolylmaleimide scaffold. This
compound showed activity against L. pifanoi axenic
amastigotes, with an ECs, value of ~6.5 Mm, and was devoid
of cytotoxicity in HepG2 and THP-1 cells. Overall, these
literature reports prompted us to explore the effect of
indolylmaleimide with a methyl group on the imide nitrogen
towards inhibiting leishmanial topoisomerase 1 for anti-
leishmanial activity.

In this study, we synthesized 3-amino-4-indolylmaleimides
and 3-amido-4-indolylmaleimides from a common precursor
using nucleophilic substitution and the Buchwald-Hartwig
cross-coupling reaction (target structure, Fig. 1). Our current
work focuses on the inhibition of leishmanial topoisomerase
1B using aminated indolylmaleimide derivatives to prevent
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the growth and proliferation of L. donovani parasites. Two
series of these hybrid indolylmaleimide molecules have been
carefully designed and synthesized by a simple nucleophilic
substitution with aliphatic and heterocyclic amines as well as
coupled with aromatic anilines and aminopyridines via the
Buchwald-Hartwig cross-coupling reaction. Our preliminary
studies with the 44 molecules revealed that one molecule
(3m) was the most active with an ICs, of ~4 uM. Mechanistic
studies with 3m suggest that it causes significant cellular
damage. Computational predictions and enzyme inhibition
assays confirm that 3m inhibits leishmanial topoisomerase
1B, leading to parasitic cell death.

2. Results and discussion

2.1 Synthesis of indolylmaleimide derivatives and their
leishmanicidal activity analysis

We  synthesized  3-amino-4-indolylmaleimides  (3a-3n),
3-anilino- and 3-pyrido-4-indolylmaleimides (4a-4r), and
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Scheme 1 The synthetic routes of target compounds 3a-3n, 4a-4r, and 4a’-4l'.? “Reagents and conditions: (a) 1 (4 mmol), iodomethane (1.2 eq.),
K,COs (1.5 eq.), acetone, rt, 2 h, 92%:° (b) 2 (3.7 mmol), indole (2 eq.), EtMgBr (2.05 eq.), dried THF, rt, 2 h, 65%:° (c) 3 (1 mmol), iodomethane (1.2
mmol), K,COs (1.5 mmol), acetone, rt, 2 h, 72%;® (d) 3 (0.2 mmol), EtsN (2 eq.), amines (1.2 eq.), DMF, heat at 100 °C for 16 h, 23-92%:” (e) 4 (0.5
mmol), anilines or aminopyridines (1.5 eq.), Cs,COs (1.5 eq.), Pd,(dba)s (5 mol%), xantphos (10 mol%), toluene (3 mL), 100 °C, N, atmosphere for 12
h, 52-88%: (f) 4 (0.3 mmol), aliphatic or aromatic amides (1.5 eq.), Cs,COs (1.5 eq.), Cs,CO3 (1.5 eq.), Pd,(dba)s (5 mol%), xantphos (10 mol%),

toluene (3 mL), 100 °C, N, atmosphere for 12 h, 57%-85%.P “Isolated yields.
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3-amido-4-indolylmaleimides (4a’-4l') using the synthetic
routes depicted in Scheme 1. Commercially available
3,4-dibromo-1H-pyrrole-2,5-dione (1) was converted into its
N-methyl analog (2) by simple methylation using
iodomethane in the presence of a base. Furthermore,
coupling of 1H-indole with 2 was carefully conducted in the
presence of Grignard reagent using a reported method to
produce the main precursor 3-bromo-1-methyl-4-(1-methyl-3-
indolyl)maleimide (3)."*> N-Methylation of intermediate 3 gave
the precursor 4. N-protection of indole in 4 was necessary to
prevent interference in subsequent coupling reaction steps.
Nucleophilic substitution of the bromine atom of 3 with

various primary and secondary amines at elevated
temperature afforded target compounds, 3-amino-4-
indolylmaleimides (3a-3n). Subsequent treatment of

intermediate 4 with an array of anilines and
2-aminopyridines, catalyzed by Pd,(dba)s/xantphos using
Buchwald-Hartwig coupling yielded the target 3-anilino- and
3-pyrido-4-indolylmaleimides derivatives (4a-4r).**1°
Compound 4 was also subjected to Buchwald-Hartwig
coupling with several aliphatic and aromatic amides to afford
the target 3-amido-4-indolylmaleimides derivatives (4a’-4l')."*
Among the 44 synthesized derivatives, 3m and 3n were the
most potent with ICs, values of 6.6 + 1.15 uM and 24.56 +
1.89 uM, respectively (Table 1). Twenty-three derivatives were
moderately active with ICs, values between 29 to 50 uM and
the remaining 19 derivatives were weakly active with IC5, >
50 uM. Amphotericin B was used as the standard drug in
experiments, displaying an ICs, value of 0.42 + 0.05 uM,
consistent with previous studies."®"”

2.2 Structure-activity relationship (SAR) analysis

Next, we established a SAR of the synthesized analogues
3a-3n, 4a-4r, and 4a'-4l' corresponding to their anti-
leishmanial activity based on the obtained ICs, values
(Table 1). Simple substitution of 1-methyl-4-indolylmaleimide
with five to six-membered heterocyclic amine rings, such as
pyrrole, piperidine, morpholine, thiomorpholine, and
N-methyl piperazine gave rise to derivatives 3a-3e that
exhibited ICs, values between 29-34 pM. Expansion of the
ring size from 3a to 3b does not result in a significant change
in the activity. However, the presence of another heteroatom
in the ring system leads to a minute improvement of activity
as shown in 3c-3e. Replacement of the N-methyl group of the
piperazine ring with benzyl or substituted aryl groups
(compounds 3f-3h) moderately decreased the anti-
leishmanial activity. Next, we aimed to explore the effect of
alicyclic amines on the compound activity; there was a
decreasing trend in the ICs, values with an expansion of the
hydrophobic alkyl ring (3j-3l). Direct attachment of smaller
alkyl chains functionalized with an electron-withdrawing
group such as a trifluoroethyl (CF;CH,-) led to an active
compound with an ICs, value of 6.6 uM: 3m. Direct
substitution with benzylamine led to the formation of
another moderately active compound with an ICs, value of
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24.56 UM (3n). 4a-4r were synthesized from various anilines
and aminopyridines adorned with electron-donating and
electron-withdrawing groups and the replacement of the
small chain alkyl amine with a bulky hydrophobic aryl amine
led to a steady decline in the anti-leishmanial activity of the
compounds. Among 4a-4r, compounds containing electron-
donating substitutions (-CHz;, -OCHj;, and 2,6-CHj) at the
para position of aniline (4b-4d) exhibited a complete loss of
activity. A similar observation was made in derivatives with
electron-withdrawing groups, such as -NO,, -Br, -Cl, etc., as
shown in 4g-4j, and also in disubstituted anilino derivatives
(4k-40), except for 4n which shows moderate potency with an
ICs, value of 26.5 uM. 4e, 4f, and 4i containing —CF;, -OCFj3,
and -F groups showed ICs, values between 47-49 pM. The
replacement of aniline with aminopyridine did not produce
the desired effect in 4p and 4q but a -CF; group in 4r leads
to an ICs, value of ~48 uM. When anilines were replaced
with various aliphatic and aromatic amides in 4a'-4l’, the
activity trend was altered substantially. Alkyl amido
derivatives (4a’-4d’) showed a gradually decreasing trend of
activity with increasing chain length, with the tert-butyl
substituted analogue (4d’) having the most effectivity with an
ICs, value of ~30.14 uM. Replacement of the alkyl chain with
an alicyclic ring elevates the ICs, of the resultant compounds
(4¢’ and 4f') leading to poor anti-leishmanial activity. 4g’-4l'
containing aryl amide substitution also showed poor
leishmanicidal activities. Thus, we can infer that small alkyl
amino chains are better tolerated than aryl or alicyclic amine
derivatives from the SAR. The presence of fluorine atoms is
crucial for leishmanicidal activity. The anti-leishmanial
activities of fluorine-containing compounds could be due to
the formation of favorable halogen bonds with the binding
residues of the active site of the L. donovani topoisomerase
1B.

2.3 Anti-amastigote activity and specificity index analysis

Two distinct morphological forms constitute the digenetic
life cycle in the Leishmania parasite: the motile promastigote
form and the non-motile amastigote form. In particular, the
amastigotes  (virulent form) are prevalent in the
parasitophorous vacuoles of macrophages and are formed
during diseased conditions."®'®  Consequently, it is
fundamental to assess the effect of potent hits on amastigote
growth inhibition and control proliferation inside
macrophages for the determination of potential drug
candidates. In the present study, L. donovani-infected RAW
264.7 cells exposed with the most potent molecule (3m) at
variable concentrations (2.5 uM, 5 uM, 7.5 uM, and 10 uM)
revealed a dose-dependent decrease in intracellular
macrophage infection with respect to the infected control. In
the untreated control, ~85% of macrophages were infected,
while only 10-50% infection was observed in the presence of
different concentrations of 3m (Fig. 2A). Next, the number of
amastigotes per 100 macrophages was  counted
microscopically to determine the intracellular amastigote

This journal is © The Royal Society of Chemistry 2025
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Table 1 Indolylmaleimide (IM)-based derivatives from Scheme 1 and their potency against L. donovani promastigotes

Compound R— Yield (%) ICso (M)
0
3b EEO 75 34.42 £ 1.24

3a 82 33.04 £ 1.45

3c 3 72 29.22 +1.97
Nﬂ
o
3d < 80 29.03 + 1.83
N/\
s
3e N 76 32.92 + 1.65
N/\
N\
3f * 92 38.04 +2.92
N
GO
3g Xy 77 36.09 + 1.54

3h xN/ﬁ 78 38.22 £ 2.78

3i gU/ 85 34.02 + 2.09
(o]

(o]
3j ‘}fNH 54 3391 £1.81
3k X 23 37.45 £ 1.56
NH
31 ﬁ 49 41.95 + 2.96
NH
3m ?{N/\CF;; 65 6.6 +1.15
H
3n ﬁN 47 24.56 + 1.89
H/\©
4a < : 88 >50
4b < : 85 >50
4c € : 82 >50
O/
4ad 83 >50
4e < i 72 49.34 + 2.98
CF3
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Compound R= Yield (%) ICs0 (UM)
af &O\ 75 47.26 + 2.38
OCF,
ag QQ@ 76 50
NO,
4h &©\ 78 >50
Br
4i @\ 65 48.07 + 2.56
F
4 F 54 >50
ﬁm
4k F 69 >50
% NO,
41 Cl 66 >50
f NO,
4m NO, 54 >50
f Cl
4n NO, 57 26.5 + 3.5
40 NO, 52 >50
[ 5\0/
ap N 59 >50
| N
=
4q N 55 >50
| N
=
4r N 52 48.33 + 2.67
| N
2 CF,
4a’ M 85 31.26 £ 1.67
4
4b’ M 82 32.09 £ 1.63
5
4c¢' M 79 32.32 +£1.28
6
4d’ ‘1:5 64 30.14 £ 1.56
4e’ ;é 57 41.10 + 2.87
af Ké : 61 45.09 + 2.93
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Table 1 (continued)
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Compound R— Yield (%) ICso (M)
ag’ o : 78 >50
ah' &@\M/ 81 >50
3
4i’ J 72 >50
%
4j' 67 >50
[ j\o/
4K’ 3{ : 65 48.03 + 2.89
F
4l o) 56 >50
| /
Amphotericin B (standard) — — 0.42 + 0.05
(A) (B)
100+ 700+
g 600
3 80 2
2w £ & 500
“d_) [ *% o ©
£ § 60+ % S 400 ke
o5 S o
g §- b g g Hkk
£8 40 %5 £ 3007
o -0 *kk
E Kk g 8 200-
20+ *kk g *kk
=z 100+
0- 0-
Control 25 5 7.5 10 Control 25 5 7.5 10

Concentration (uM)

Concentration (uM)

Fig. 2 Macrophage infection assay to determine the effect of the potent hit (3m) on intracellular amastigotes. (A) Percentage macrophage
infection in the RAW 264.7 cell line after treatment with the potent hit (3m). (B) The number of amastigotes per 100 macrophages was determined
by visual counting in treated and untreated cells. Results are expressed as the means * standard deviation of three independent experiments.
Significant differences were determined using Student’s t-test (**p < 0.01 and ***p < 0.001) compared to control cells.

burden. In infected control cells, ~610 amastigotes were
observed per 100 macrophages whereas only ~330, ~225,
~120, and ~75 amastigotes were observed per 100
macrophages after treatment with 3m at 2.5 uM, 5 uM, 7.5
uM, and 10 uM, respectively (Fig. 2B). The reduction in
intracellular parasitic load using 3m at 2.5 uM, 5 pM, 7.5
uM, and 10 pM was ~46%, ~64%, ~83% and ~91%,
respectively. Thus, the ex vivo assay confirms that treatment
with 3m significantly reduces the intracellular amastigote
burden.

Furthermore, the specificity index (SPI) is calculated as
the ratio of the promastigote ICs, value and amastigote

This journal is © The Royal Society of Chemistry 2025

ICso value as mentioned previously.”>*' This SPI value
designates the probable targeted form of Leishmania
preferred by 3m as a Kkilling strategy. A value below 0.4
refers to its action in promastigote form: an SPI above 2
mentions its priority towards the amastigote form, whereas
a value between 0.4 to 2 reflects its activity in the direction
of both the forms of the Leishmania parasite. The anti-
amastigote ICs, value for 3m is 2.63 + 0.24 pM, as
determined by a resazurin-based Alamar blue assay. 3m
exhibited an SPI value of 1.44, which reflects its specificity
towards promastigote and amastigote forms of the
parasites.
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2.4 Cytotoxicity and selectivity index analysis

One of the essential aspects of evaluating the therapeutic
potential of any bioactive molecule is to determine its
toxicological profile. Thus, the -cytotoxicity of 3m was
conducted in a panel of cell lines (J774A.1, N9, A549, and
C2C12) at varied dosages (10 to 100 pM) using an MTT cell
viability assay. The ability of NADPH-dependent cellular
enzymes to reduce the MTT dye into purple-colored formazan
crystals in the presence of viable cells constitutes a suitable
parameter for toxicity assessment. 3m displayed a dose-
dependent change in cell viability across different cell lines.
The comparative percentage viability in cell lines treated with
3m was ~32%, ~46%, ~56%, ~73%, and ~93% at a dosage
of 100, 75, 50, 25, and 10 pM, respectively. The CCs;, values
obtained for J774A.1, N9, A549, and C2C12 cell lines were
60.59 + 3.28 uM, 54.64 + 2.84 uM, 56.91 + 2.66, and 71.80 +
3.11, respectively using GraphPad™ Prism 8 (version 8.0.2)
software. Furthermore, anti-amastigote activity was calculated
to determine the selectivity index which is defined as a ratio
of CCs, value to anti-promastigote. 3m displayed a good
selectivity index ranging from 8 to 11 across the tested cell
lines. The CC; values in various cell lines along with their
selectivity index are illustrated in Table 2.

2.5 Plasmid relaxation assays

2.5.1 Simultaneous plasmid relaxation assay. Plasmid
relaxation assays were performed to observe the effect of hit
compounds (3n and 3m) on LdToplLS activity under
simultaneous conditions. The assay for topoisomerase
I-mediated DNA relaxation demonstrated significant efficacy,
ease of handling, and informative potential in the
investigation of drug interactions with DNA. This
methodology utilizes a supercoiled plasmid as a model to
replicate the topological constraints inherent to genomic
DNA, thereby providing a relevant platform for the study of
drug binding dynamics. Camptothecin (CPT), a potent
inhibitor of DNA topoisomerase I, triggers programmed cell
death in amastigote and promastigote forms of L. donovani
parasites. The cellular dysfunction induced by CPT in L.
donovani promastigotes is marked by various cytoplasmic
and nuclear characteristics typical of apoptosis. Additionally,
CPT disrupts cellular respiration, leading to mitochondrial
hyperpolarization facilitated by an oligomycin-sensitive F, —
F, ATPase-like protein in leishmanial cells. In this assay, CPT
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is used as a positive control. In the simultaneous assay,
substrate pHOT-1 DNA, LdToplLS enzyme, along with
increasing concentrations of 3n and 3m were added to the
reaction mixture. The experiment was performed under
standard conditions with DNA and enzyme concentration at
a molar ratio of 3:1 as mentioned in the ‘Materials and
methods’ section (see ESIT file). There were four controls in
the experiment, DNA (Fig. 3A, lane 1); DNA and enzyme (lane
2); DNA, enzyme, and DMSO (lane 3); and DNA, enzyme, and
60 uM CPT (lane 4). Then, 3n and 3m were added at
concentrations of 50 uM, 100 uM, 200 uM, 400 uM, 800 uM,
and 1600 uM (lanes 5-16). Both 3n and 3m inhibited the
catalytic activity of LdToplLS at 800 puM and 1600 pM,
respectively (Fig. 3A, lanes 9-10 and 15-16). 3n resulted in
almost 90% inhibition of the catalytic activity of LdTop1LS at
1600 puM (lane 10). However, 3m achieved 100% enzyme
inhibition at 1600 uM (lane 16). Therefore, the inhibition of
LdTopILS activity by 3n and 3m occurred in a dose-
dependent manner. 3m was a more potent inhibitor of
LdToplLS than 3n, whose inhibitory action was comparable
to CPT (Fig. 3A).

2.5.2 Pre-incubation plasmid relaxation assay. Pre-
incubation relaxation assays were performed to investigate
whether the inhibitor belongs to class I (topoisomerase
poison) or a class II (catalytic inhibitor). The pre-incubation
relaxation assay was performed in a similar manner to that
of the simultaneous assay, except the enzyme was pre-
incubated with 3n and 3m (50 uM, 100 puM, 200 uM, 400 pM,
800 uM, and 1600 uM separately) for 5 min at 37 °C followed
by the addition of DNA (Fig. 3B, lanes 5-16). Pre-incubation
at different concentrations of 3n and 3m followed by
incubations with pHOT-1 DNA revealed significant inhibition
at 200 uM (Fig. 3B, lanes 7 and 13, respectively). The
complete inhibition of LdTop1LS by 3n and 3m was observed
at 800 uM (lanes 9 and 15). Therefore, 3n and 3m inhibit the
free enzyme rather than the enzyme-substrate complex,
suggesting that these compounds are class II (catalytic
inhibitor) inhibitors of LdTop1LS. The compounds exhibit
cellular activity in the micromolar range (3m = 6.6 uM and
3n = 24.5 uM); however, they only inhibit LdTop1LS activity at
800 pM. Therefore, 3n and 3m possess antileishmanial
activity through the inhibition of LdToplLS and via a
cumulative effect on various other enzymes and mechanistic
pathways that are crucial for the survival of L. donovani. Our
laboratory is currently engaged in screening 3m and 3n

Table 2 Cytotoxicity analysis of potent hit (3m) in various cell lines and determination of selectivity index

Percentage viability

Cell line 100 uM 75 uM 50 uM 25 UM 10 uM CCs0 (UM) N s1?

J774A1 34.11 +2.83 45.79 + 3.08 55.66 + 2.91 72.33 +3.13 96.32 + 3.51 60.59 + 3.28 9.18 23.03
N9 29.82 + 2.37 44.67 + 3.41 51.53 + 3.52 70.88 + 4.09 91.64 + 3.67 54.64 + 2.84 8.27 20.77
A549 27.08 + 2.54 44.18 + 3.64 55.22 + 3.18 75.11 + 3.88 92.74 + 3.41 56.91 + 2.66 8.62 21.63
C2C12 38.71 +2.98 49.79 + 3.91 62.34 + 2.86 74.91 + 4.04 91.07 + 3.15 71.80 + 3.11 10.87 27.31

¢ SI: CCs, cell line/ICs, promastigote (6.6 + 1.15 uM). b ST: CCs, cell line/ICs, amastigote (2.63 + 0.24 pM).

2814 | RSC Med. Chem., 2025, 16, 2808-2818
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(A) Compound 3n Compound 3m

- - - - 50 100 200 400 800 1600 50 100 200 400 800 1600

Compound (uM)

CPT e - - e - e -
DMSO S T T R S
LdToplLS -+ o+ + + + + + + + + + + + +
1 2 3 4 5 6 10 11 12 13 14 15 16
RL/NM
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(B) Compound 3n Compound 3m
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Fig. 3 Catalytic inhibition assay of LdToplLS enzyme by hit compounds (3n and 3m). (A) Simultaneous plasmid relaxation assay: the inhibition of
LdToplLS activity by synthesized hit compounds (3n and 3m) was performed using agarose gel electrophoresis. The enzyme and pHOT-1 DNA
substrate were mixed at a molar ratio of 3:1, along with camptothecin (CPT, 60 uM, positive control) or DMSO (4% v/v, vehicle control) or the
potent hits. (B) Pre-incubation plasmid relaxation assay: this was performed similarly to simultaneous assay, except that the enzyme was pre-
incubated with the hit compounds (3n and 3m) separately for 5 min at 37 °C, followed by the addition of DNA. The first four lanes represent four
controls in the experiment (lane 1: DNA, lane 2: DNA along with enzyme, lane 3: DNA, enzyme, and DMSO, and lane 4: camptothecin). Lanes 5 to
10 represent compound 3n and lanes 11 to 16 represent compound 3m at different concentrations ranging from 50 to 1600 uM. All samples were
quantitated and visualized by EtBr (0.5 mg mL™) staining and a Gel Doc system (G-Box Chemi-XRQ-Genesys software). RL/NM: relaxed/nicked

monomer; SM: supercoiled monomer.

against a range of kinases that play a crucial role in the
lifecycle of L. donovani. This effort aims to evaluate their
potential biological activities and contributions to our
understanding of the disease.

2.6 Molecular docking analysis

Among the 44 synthesized compounds, 3m showed the
lowest ICs, value of 6.6 uM, followed by 3n showing good
leishmanicidal activity with an ICs, value of 24.56 pM. To
learn more about their potential anti-leishmanial efficacies
and further explore their binding affinities towards
leishmanial protein targets, 3m and 3n were docked against
leishmanial topoisomerase 1 (LdToplB) (PDB ID: 2B9S)
(Fig. 4).® The binding energies of 3m and 3n against LdTop1
were calculated as -7.7 Kcal mol™ and -9.0 Kcal mol™,
respectively, which is almost comparable to that of the

This journal is © The Royal Society of Chemistry 2025

binding energy of standard topoisomerase inhibitor
(camptothecin): -9.8 kcal mol™. Further exploration of the
protein-ligand interaction demonstrated that 3m is involved
in the formation of two hydrogen bonds with cytosine and
thymine (DT-112 of E-chain) bases of the DNA portion of
LdTop1 (Fig. 4a and b). The trifluoromethyl group showcases
distinct halogen bonds with adenine and thymine bases of
the DNA fragment of the protein. Substantial van der Waals
interactions were noted with DNA guanine and DNA adenine
bases as well as Arg190 residue. Although 3n showed lower
binding energy, the protein-ligand interactions revealed one
significant hydrogen bond formation between the hydrogen
of 1H-indole with the Asn178 residue (Fig. 4c and d). Other
non-significant n-c and m-alkyl interactions were also
encountered for 3n. Camptothecin showed substantial
hydrogen bonding interactions with the thymine base (DT-
112 of the E-chain) of LdTopl similar to that of 3m,

RSC Med. Chem., 2025, 16, 2808-2818 | 2815
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Arg188

Fig. 4 Molecular docking analysis of compounds 3m and 3n against LdToplB (PDB ID: 2B9S) in comparison with the standard topoisomerase
inhibitor, camptothecin. (a, ¢, and e) Represent 2D interactions, and (b, d, and f) represent 3D interaction images of compounds 3m, 3n, and

camptothecin with their binding poses in the crystal structure of LdTop1B.

explaining the efficient binding of 3m to the active site of
LdTop1. Besides, camptothecin showed a number of van der
Waals interactions with DNA adenine and DNA thymine
bases, as well as Asn178, Thr246, Pro257, and Lys 262
residues in the active site of leishmanial topoisomerasel.
Other non-significant n-n interactions were also noted

2816 | RSC Med. Chem., 2025, 16, 2808-2818

(Fig. 4e and f). 3m was also docked against human
topoisomerase 1 (PDB ID: 1T8I) (Fig. 5a and b). The binding
energies of 3m against human topoisomerase I (topo1) were
calculated to be -7.6 Kcal mol'. 3m forms two hydrogen
bonds with Tyr-426 and Met-428 residues in the A-chain of
the protein, as well as a distinct halogen bond with the

This journal is © The Royal Society of Chemistry 2025
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Fig. 5 Molecular docking analysis of compound 3m against human topoisomerase 1; (a) represents 2D interactions and (b) represents 3D
interaction images of compound 3m with its binding pose in the crystal structure of the human topol enzyme (PDB ID: 1T8lI).

thymine base (DT-9 of the B-chain) within the DNA fragment.
The binding modes of 3m in LdTop1B and human topo1 are
notably different in terms of their binding characteristics and
interactions. Therefore, it is inappropriate to make a direct
comparison between the two.

3. Conclusions

To accelerate the drug discovery process against
leishmaniasis, we attempted to explore a new series of indole
derivatives against the unique bi-subunit Top1B of the
Leishmania parasite. We developed three series of hybrid
indolylmaleimide molecules using nucleophilic substitution
with aliphatic and heterocyclic amines as well as coupling
with aromatic anilines and aminopyridines, together with
aliphatic and aromatic amides via the Buchwald-Hartwig
cross-coupling reaction. Preliminary screening revealed that
one molecule (3m) possessed potent anti-leishmanial activity
against L. donovani parasites among all the tested
compounds. Various mechanistic studies and enzyme
inhibition assays suggested that this indolylmaleimide
derivative with a trifluoroethyl substitute is a potent inhibitor
of leishmanial topoisomerase 1B, inhibiting the parasitic
replication and transcription, ultimately leading to apoptotic
cell death. Furthermore, in silico studies supported the
experimental results by displaying significant protein-ligand
interactions of 3m with the target enzyme and confirming its
strong binding affinity. Thus, the present study concluded
that a fluorine atom in the alkyl chain was crucial for
leishmanicidal activity. The potency of this compound could
be due to the formation of a favorable halogen bond with the
binding residues of the active site of the L. donovani
topoisomerase 1B. This could be related to fluoro analogues
strongly inhibiting the growth of the Leishmania parasite and
could serve as potent anti-leishmanial scaffolds to further

This journal is © The Royal Society of Chemistry 2025

develop rational
leishmaniasis.

chemotherapeutic strategies against
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