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Visceral leishmaniasis is a fatal parasitic disease, and there is an emergent need for development of effective drugs against this neglected
tropical disease. We report here the development of a novel spirooxindole derivative, N-benzyl-2,2'«-3,3',5',6',7',7a,'-octahydro-
2methoxycarbonyl-spiro[indole-3,3’-pyrrolizidine]-2-one (compound 4c), which inhibits Leishmania donovani topoisomerase 1B
(LdTopIB) and kills the wild type as well as drug-resistant parasite strains. This compound inhibits catalytic activity of LdTopIB
in a competitive manner. Unlike camptothecin (CPT), the compound does not stabilize the DNA-topoisomerase IB cleavage
complex; rather, it hinders drug-DNA-enzyme covalent complex formation. Fluorescence studies show that the stoichiometry of
this compound binding to LdTopIB is 2:1 (mole/mole), with a dissociation constant of 6.65 pM. Molecular docking with Ld-
TopIB using the stereoisomers of compound 4c produced two probable hits for the binding site, one in the small subunit and the
other in the hinge region of the large subunit of LdTopIB. This spirooxindole is highly cytotoxic to promastigotes of L. donovani
and also induces apoptosis-like cell death in the parasite. Treatment with compound 4c causes depolarization of mitochondrial
membrane potential, formation of reactive oxygen species inside parasites, and ultimately fragmentation of nuclear DNA. Com-
pound 4c also effectively clears amastigote forms of wild-type and drug-resistant parasites from infected mouse peritoneal mac-
rophages but has less of an effect on host macrophages. Moreover, compound 4c showed strong antileishmanial efficacies in the
BALB/c mouse model of leishmaniasis. This compound potentially can be used as a lead for developing excellent antileishmanial

agents against emerging drug-resistant strains of the parasite.

NA topoisomerases are an important group of enzymes that

maintain the topological state of the DNA in the cell by trans-
esterification reactions and in that way help the cellular processes
of replication, transcription, etc. (1). This group of enzymes is
divided into two categories according to the number of strands
they cleave, type I (cleaves one strand) and type II (cleaves two
strands) (2). Because of their importance in cellular functioning,
topoisomerases are exploited as targets of anticancer, antitumor,
and antibacterial agents. The inhibitors targeting topoisomerases
are classified into two categories, topoisomerase poisons (class I)
and catalytic inhibitors (class IT). Class I inhibitors or poisons trap
the DNA-enzyme covalent complex (cleavable complex) and slow
down further religation of cleaved DNA strands (3). Inhibitors
that hamper other steps of topoisomerase catalytic cycle but do
not trap the DNA-enzyme cleavable complex are known as class II
or catalytic inhibitors (4).

Leishmania donovani, an intramacrophage protozoan parasite
transmitted by female sandflies, causes the deadly disease visceral
leishmaniasis (kala-azar). This fatal parasitic disease affects mil-
lions of people in tropical and subtropical countries such as India,
Bangladesh, Nepal, Sudan, Brazil, and Ethiopia (5). The lack of a
proper vaccine (6), toxicity, side effects, high cost of available
drugs (7, 8), and emergence of drug-resistant strains (9) have
made the discovery of novel chemotherapeutic targets and agents
a pressing need. Recent advances in molecular and cell biology
have provided many excellent molecular targets for chemother-
apy. DNA topoisomerase enzymes of Leishmania have been found
to be excellent targets for antileishmanial chemotherapy (10).
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The type IB topoisomerases of kinetoplastid parasites have an
unusual heterodimeric architecture, and this was first reported in
L. donovaniby Villa et al. (11) and in Trypanosoma brucei by Bod-
ley et al. (12). This unique bisubunit topoisomerase IB of the kin-
etoplastid parasites is a very attractive chemotherapeutic target
because of its difference in structure from human topoisomerase I
(13). Several L. donovani topoisomerase IB (LdTopIB) poisons
which can stabilize the DNA-LdTopIB cleavable complex and kill
Leishmania parasite have been reported in literature, viz., camp-
tothecin (14), diospyrin (15), 3,3’ -diindolyl methane (DIM) (16),
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baicalein, luteolin, and quercetin (17), niranthin (18), lyoniside
and saracoside (19), etc. Catalytic inhibitors of LdTopIB are not
well studied, and only a few, such as dihydrobetulinic acid
(DHBA) (20) and betulin and dihydrobetulin derivatives (21),
have been reported. Catalytic inhibitors of type IB topoisomerases
may affect topoisomerase function in two ways, either by prevent-
ing the enzyme from binding to substrate DNA or by inhibiting
the formation of the covalent cleavage complex (22, 23). Thus,
they virtually deplete topoisomerase IB inside the cell by blocking
the cellular function and affect proliferation of the cell (4). Al-
though topoisomerase IB poisons are of great potency, sometimes
they do show dose-limiting toxicities and side effects in humans
(24). Therefore, detailed studies are required to discover and es-
tablish novel LdTopIB “catalytic inhibitors” with minimum dose-
limiting toxicities and side effects.

Oxindoles are aromatic heterocyclic organic compounds that
have a tryptophan-like structure in the core scaffold (25). Spiro-
cyclic oxindole (spirooxindole) constitutes a vast family of natural
products (e.g., alkaloids) and other synthetic compounds that are
of great pharmaceutical value (26, 27). Spirooxindoles exhibit a
wide range of biological activities, including insecticidal, antitu-
mor, anthelmintic, and antibacterial properties and use for treat-
ment of hyponatremia (26, 28, 29, 30). Paraherquamide A is a
spirooxindole isolated from cultures of Penicillium paraherquei,
and it shows potent antiparasitic activity and antinematodal prop-
erties (31). Most importantly, spirooxindole-containing small
molecules are used as a new class of potent inhibitors of the
MDM2-p53 interaction and show anticancer properties (25, 32,
33). Spirooxindoles are also effective antiprotozoal agents.
Rottmann et al. established spiroindolone NITD609 as a potent
antimalarial drug candidate (34). Recently, another group re-
ported that C-3 monofunctionalized oxindoles and spiro[cyc-
lohexanone-oxindoles] can stop proliferation of both promastig-
ote and axenic amastigote forms of Leishmania infantum in a
dose-dependent manner (35). Therefore, preparation of new spi-
rooxindole derivatives or C-3 functionalized oxindoles is of ut-
most interest, as these compounds could serve as potent antileish-
manial agents (35).

Here we report a novel spirooxindole, N-benzyl-2,2'a-3,3,
5',6",7",7a,,a" -octahydro-2methoxycarbonyl-spiro[indole-3,3"-
pyrrolizidine]-2-one (compound 4c), as a catalytic inhibitor of
the unusual bisubunit DNA topoisomerase IB of L. donovani. In
silico molecular docking studies were performed to provide a pos-
sible explanation of the in vitro LdTopIB-inhibitory activity of
compound 4c. The ability of this compound to kill the L. donovani
wild-type AG83 strain as well as drug-resistant strain GE1 and
miltefosine-resistant (MIL") and camptothecin-resistant (CPT")
cells (promastigotes and amastigotes) and its strong antileishma-
nial efficacy in the BALB/c mouse model of leishmaniasis with
relatively lesser cytotoxicity toward host macrophages make it a
good candidate for development of novel antileishmanial thera-
peutic agents.

MATERIALS AND METHODS

Chemicals. 3-(4,5-Dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium
bromide (MTT) was purchased from Invitrogen Life Technologies.
Dimethyl sulfoxide (DMSO) and camptothecin were purchased from
Sigma Chemicals (St. Louis, MO, USA). All drugs were dissolved in
100% DMSO at a concentration of 20 mM and stored at —20°C. Re-
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combinant human topoisomerase I was purchased from Topogen Inc.
(Buena Vista, CO, USA).

Representative procedures for synthesis of spirooxindoles (com-
pounds 4a to f) and bis-spirooxindoles (compounds 6a to f). The spi-
rooxindoles 4a to f were synthesized by a modified routes and the repre-
sentative procedure for synthesis is as follows. To a solution of isatin
(compound 1la) (147 mg, 1 mmol) in CH;CN (5 ml) with stirring, L-pro-
line (compound 2a) (115.06 mg, 1 mmol) was added, followed by the
addition of 4-A molecular sieves (MS) (200 mg), and the solution was left
with stirring at room temperature (28°C) for 30 min. A deep green reac-
tion mass appeared, to which methyl acrylate (compound 3a) (84 pl, 1
mmol) was added, and the stirring was continued at room temperature
(28°C). The progress of the reaction was monitored by thin-layer chro-
matography (TLC) by using 40% ethyl acetate in petroleum ether as the
solvent system. After 6 h, the starting materials completely disappeared,
and then the 4-A MS were filtered off over a thin pad of celite and the
filtrate was evaporated in a rotary evaporator. The residue was then di-
luted with water (15 ml) and extracted with ethyl acetate (3 times, 25 ml).
The organic layer was separated, washed with brine, and then dried over
anhydrous Na,SO,. Removal of solvent resulted in a sticky brownish mass
which was chromatographed over silica gel (60-120 mesh) using petro-
leum ether with an increasing proportion of ethyl acetate as the eluent.
Elution with 25% ethyl acetate in petroleum ether gave the desired com-
pound 4a (259 mg, 91%) as a white solid, which was crystallized in chlo-
roform.

The representative procedure for synthesis of compounds 6a to fis as
follows. To a solution of N-benzyl isatin (compound 1b) (118.5 mg,
0.5mmol) in CH;CN (3 ml) with stirring, L-proline (compound 2a) (57.5
mg, 0.5mmol) was added followed by the addition of 4-A MS (100 mg),
and the solution was left with stirring at room temperature (30°C) for 30
min. A light yellow reaction mass appeared, and to the reaction mass
dipolarophile (compound 5a) (93.5 mg, 0.5mmol) was added and sub-
jected to stirring at room temperature (30°C). The progress of the reaction
was monitored by TLC by using 50% ethyl acetate in petroleum ether
solvent system. After 6 h of reaction, there was very little starting material,
which was not consumed on further continuation of the reaction. The MS
were then filtered off over a thin pad of celite, and the filtrate was evapo-
rated in a rotary evaporator. The residue was then diluted with water (15
ml) and extracted with ethyl acetate (3 times, 25 ml). The organic layer
was separated, washed with brine, and then dried over anhydrous Na,SO,.
Removal of solvent resulted in a sticky solid which was chromatographed
over silica gel (60-120 mesh) using petroleum ether with an increasing
proportion of ethyl acetate as the eluent. Elution with 30% ethyl acetate in
petroleum ether gave compound 6a (202 mg, 85%) as a gray solid.

Overexpression and purification of recombinant LdTopIB by affin-
ity column chromatography. L. donovani topoisomerase type IB
(LdTopIB) is a bisubunit enzyme. The larger subunit (LATOP1L, 73 kDa)
was cloned in pET16b, and the smaller subunit (LdATOP1S, 29 kDa) was
cloned in pET16b. Both subunits were purified by methodology described
previously (13). Escherichia coli BL21(DE3)/pLysS cells harboring
pET16b-LdTOP1L and pET16b-LdTOP1S were separately induced at an
optical density at 600 nm (ODy,) of 0.6 with 0.5 mM IPTG (isopropyl-
B-p-thiogalactoside) at 22°C for 12 h. Cells harvested from 1 liter of cul-
ture were separately lysed by lysozyme and sonication, and the proteins
were purified through an Ni**-nitriloacetate (Ni-NTA) agarose column
(Qiagen, Hilden, Germany) followed by a phosphocellulose column (P11
cellulose; Whatman, Maidstone, Kent, United Kingdom) as described
previously (13). Finally, the purified proteins LATOP1L and LdTOPI1S
were stored at —70°C. The concentrations of each protein were quantified
by using Bradford reagent (Pierce, Thermo Fisher Scientific Inc., Rock-
ford, IL, USA).

Purified LATOP1L was mixed with purified LATOP1S at a molar ratio
of 1:1 at a total protein concentration of 0.5 mg/ml in reconstitution
buffer (50 mM potassium phosphate [pH 7.5], 0.5 mM dithiothreitol
[DTT], 1 mM EDTA, 0.1 mM phenylmethylsulfonyl fluoride [PMSF] and
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10% [vol/vol] glycerol). The mixture was dialyzed overnight at 4°C, and
dialyzed fractions were used for plasmid relaxation activity (13).

Plasmid relaxation assay. Six spirooxindole derivatives (compounds
4a to f) and four bis-spirooxindole derivatives (compounds 6a to d) were
screened for their Leishmania DNA topoisomerase IB inhibition activity
in a plasmid relaxation assay.

The type I DNA topoisomerases were assayed by decreased mobility of
the relaxed isomers of supercoiled pBluescript SK(+) [pBS SK(+)] DNA
in an agarose gel. The relaxation assay was carried out as described previ-
ously with LdTopIB (17) serially diluted in the relaxation buffer (25 mM
Tris-HCI [pH 7.5], 5% glycerol, 0.5 mM DTT, 10 mM MgCl,, 50 mM KCl,
25 mM EDTA, and 150 pg/ml bovine serum albumin [BSA]) and super-
coiled plasmid pBS SK(+) DNA (85 to 95% were negatively supercoiled,
with the remainder being nicked circles). All the relaxation experiments
were carried out at 37°C for 15 min.

For all kinetic studies, the reaction mixtures containing the buffer and
DNA were heated to 37°C before addition of the enzymes. The reactions
were rapidly quenched using stop solution and kept on ice. The gels were
stained with ethidium bromide (EtBr) (0.5 pug/ml), and the amount of
supercoiled monomer DNA band fluorescence was quantified by integra-
tion using Gel Doc 2000 under UV illumination (Bio-Rad Quantity One
software) as described previously (18). Initial velocities (nanomolar DNA
base pairs relaxed per minute) were calculated using the following equa-
tion: initial velocity = [supercoiled DNA], — (Int, [supercoiled DNA],/
Int,)/t, where [supercoiled DNA], is the initial concentration of super-
coiled DNA, Int, is the area under the supercoiled DNA band at time zero,
and Int, is the area at reaction time ¢ (36). The effect of DNA concentration
on the kinetics of relaxation was examined over a range of 8 to 60 nM
supercoiled pBS SK(+) DNA (0.16 to 2.4 jng/25 wl of reaction mixture) at
constant concentration of 10 mM MgCl, and 0.98 nM enzyme
(LATOPILS) at 37°C for 1 min. The data were analyzed by a Lineweaver-
Burk plot. The intercept of the y axis is 1/V,,,,, and turnover number =
V max/€nzyme concentration (plasmid molecules relaxed per minute per
molecule of enzyme.

Plasmid cleavage assay. Cleavage assay was carried out as described
previously (18). Briefly, 50 fmol of pHOT1 supercoiled DNA (containing
the topoisomerase I cleavage site) and 100 fmol of reconstituted LdTopIB
were incubated in a standard reaction mixture (50 pl) containing 50 mM
Tris-HCI (pH 7.5), 100 mM KCl, 10 mM MgCl,, 0.5 mM DTT, 0.5 mM
EDTA, and 30 pg/ml BSA in the presence of various concentrations of
compound 4c¢ at 37°C for 30 min. The reactions were terminated by add-
ing 1% SDS and 150 pg/ml proteinase K, and the mixtures were further
incubated for 1 h at 37°C. DNA samples were electrophoresed in 1%
agarose gel containing 0.5 pg/ml EtBr to resolve more slowly migrating
nicked product (form II) from the supercoiled molecules (form I).

Immunoband depletion assay. Leishmania cells (2 X 107) were cul-
tured for 12 h at 22°C with or without drugs. Nuclear fractions were
isolated as described previously (37). Briefly, cells were suspended in hy-
po-osmotic buffer (10 mM Tris-HCI [pH 7.5], 1 mM EDTA, 0.1 mM
EGTA. 1 mM PMSF, 1 mM benzamidine hydrochloride, and 5 mM DTT)
and homogenized. The homogenate was centrifuged at 10,000 X g for 10
min at 4°C. The pellet was washed and used as the source of the nuclear
fraction. The nuclear fractions after lysis with 1% SDS were subjected to
SDS-PAGE, and the proteins were electrophoretically transferred on to
nitrocellulose membranes. Immunoblotting of immobilized proteins was
carried out using a rabbit antibody raised against LATOP1S (17).

Job plot. The binding stoichiometry for the inhibitor with LdTopIB
was determined using the method of continuous variation (38, 39). Sev-
eral mixtures of compound 4c and LdTopIB were prepared by continu-
ously varying the concentrations of recombinant LdTopIB and com-
pound 4c in the mixtures while keeping the total concentration of
inhibitor plus recombinant LdTopIB constant at 1.25 wM as described
previously (17). Reaction mixtures were incubated for 10 min at 25°C, and
the quenching of tryptophan fluorescence was recorded at 350 nm upon
excitation at 295 nm on PerkinElmer LS55 luminescence spectrometer.
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The excitation and emission slit widths were 5 nm and 10 nm, respec-
tively. Values for appropriate blanks corresponding to the buffer were
subtracted to eliminate background fluorescence (<5%).

Spectrofluorimetric binding assay. LdTopIB (200 nM) was incu-
bated in fluorescence buffer (20 mM Tris-HCI, 50 mM NaCl, and 10 mM
MgCl,) with various concentrations of compound 4c (0 to 11 pM) at 25°C
for 10 min as described previously (21). Briefly, the fluorescence intensi-
ties were measured at the emission range of 320 to 400 nm upon excitation
at 295 nm. Excitation and emission slit widths were 5 and 10 nm, respec-
tively. The measurements of the fluorescence values in the presence of
continuously increasing concentrations of inhibitors were performed in
triplicate. The fraction of binding sites (B) occupied by inhibitor was
determined by the equation B = (F, — F)/F,,,,, where F, is the fluores-
cence intensity at 350 nm of LdTopIB alone in the absence of any inhibi-
tors, F is the fluorescence intensity at 350 nm of LdTopIB in the presence
of inhibitor, and F, ,, is obtained from the plot of 1/(F, — F) versus 1/[X]
and by extrapolating 1/[X] to zero, where [X] is the concentration of
compound 4c. The dissociation constant (Kj,) was determined as de-
scribed previously (21) using the equation F,,,,,/(F, — F) = 1 + Kp/L,
where Lfdenotes the free concentration of inhibitor (Lf = C — B[J], where
Cis the total concentration of inhibitor and []J] is the molar concentration
of ligand-binding sites using a stoichiometry from the Job plot).

Molecular docking procedure. Structural information for L. don-
ovani topoisomerase 1 (LdTopIB) was obtained from the Protein Data
Bank (PDB ID 2B9S). Missing side chain residues were modeled in Aut-
oDockTools4 (40), followed by steepest descend energy minimization in
Desmond. Chemical structures of compounds 4a and 4c were drawn on
Avogadro (41), and side chain orientations were optimized by systemic
rotor search followed by geometry optimized using the B3LYP/6-
311+ G(2d,p) level of density functional theory in Gaussian 09. Molecular
docking was performed using different algorithms: AutoDock4 (40), Au-
toDock Vina (42), PatchDock (43)/FireDock (44), and SwissDock (45).
Docking was performed without DNA, and the whole protein was put into
the search space. Genetic algorithm (GA) was used in AutoDock4. In
order to obtain a statistical validation, we ran the GA 1,000 times, and each
time GA was set to terminate after a maximum of 25 million binding
energy evaluations. For PatchDock, the top 1,000 solutions were further
refined by FireDock.

Parasite maintenance and cultures. The sodium antimony gluconate
(SAG)-sensitive (Sb*) MHOM/IN/1983/AG83 (AGS83) strain of L. don-
ovani, the laboratory-grown SAG-resistant (Sb") strain GE1, laboratory-
grown miltefosine-resistant (MIL") cells, and camptothecin-resistant
(CPT") cells (raised in hamsters) were used (46, 47). Amastigotes obtained
from the spleens of infected hamsters were cultured at 22°C to obtain
promastigotes and cultured in M199 containing 20% (vol/vol) heat-inac-
tivated fetal bovine serum (FBS) supplemented with 100 IU/ml of peni-
cillin and 100 mg/ml of streptomycin at 22°C to obtain promastigotes.
Promastigotes were further grown in 10% (vol/vol) heat-inactivated FBS
for 3 to 5 days at 22°C before use.

Measurement of Leishmania promastigote cell viability. The L. don-
ovani Ag83 wild-type strain, laboratory-grown SAG-resistant (Sb") GE1,
laboratory-grown miltefosine-resistant (MIL") cells, and camptothecin-
resistant (CPT") cells (3.0 X 10° cells/ml) were individually incubated
with 50 M concentrations of 10 different spirooxindole derivatives
(compounds 4a to f and compounds 6a to d) or 10 different concentra-
tions of compound 4c¢ (0.25, 0.5, 0.75, 1, 1.25, 1.5, 1.75, 2, 2.25, and 2.5
wM) for 12 h, following which the survival percentage was estimated by
MTT assay. Yellow MTT, a tetrazole, is reduced to purple formazan in the
mitochondria of living cells. The formazan is then solubilized and the
concentration determined by optical density at 570 nm. Metabolically
active cells convert MTT to formazan, thereby generating a quantitative
measure of viability and cytotoxicity.

Double staining with annexin V and PI. Externalization of phos-
phatidyl serine on the outer membranes of untreated promastigotes and
promastigotes treated with 0.2% DMSO and compound 4c (1 uM, 1.5
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wM, 2 pM, and 5 uM) was measured by binding of fluorescein isothio-
cyanate (FITC)-annexin V and propidium iodide (PI) using an annexin V
staining kit (Invitrogen Ltd.). Flow cytometry was carried out for treated
and untreated parasites. The gating was done so that the FL-1 channel
denotes the mean intensity of FITC-annexin V, whereas the FL-2 channel
denotes the mean intensity of PI. The data represented here means from
three experiments.

Measurement of ROS. Intracellular levels of reactive oxygen species
(ROS) were measured in compound 4c-treated and untreated parasites.
Promastigotes (2 X 107 cells/ml) were treated with 0.5, 1, 1.5, 2,and 5 uM
compound 4c for 8 h. Parasites treated with 0.2% DMSO served as con-
trols. After different treatments, parasites were washed and resuspended
in 500 pl of phosphate-buffered saline (PBS) (without phenol red) and
loaded with the cell-permeant dye H2DCFDA for 1 h (47). The green
fluorescence of 2,7’ -dichlorofluorescein (DCF) was measured at 530 nm
using a flow cytometer.

Measurement of AW . Mitochondrial membrane potential (AW )
was investigated using JC-1 dye. This dye accumulates in the mitochon-
drial matrix under the influence of AW, , where it reversibly forms mono-
mers (green) with characteristic absorption and emission spectra (37). In
brief, after different treatments with compound 4c (1, 2, and 5 uM),
leishmanial cells were harvested and washed with PBS (1X). Cells were
then incubated at 37°C for 1 h with a final concentration of JC-1 dye at 5
g/l Cells were then analyzed by flow cytometry and fluorescence mea-
surement with a spectrofluorometer using 507 and 530 nm as excitation
and emission wavelengths, respectively (for green fluorescence), and 507
and 590 nm as excitation and emission wavelengths, respectively (for red
fluorescence) to analyze AW . The spectrofluorometric data presented
here are representative of three experiments. The ratio of the reading at
590 nm to the reading at 530 nm was considered to be the relative AW,
value.

TUNEL assay. A two-color terminal deoxynucleotidyltransferase-me-
diated dUTP-biotin nick end labeling (TUNEL) assay (APO-BrdU kit; BD
Pharmingen, catalog number 556405) was performed for labeling DNA
breaks and total cellular DNA to confirm that compound 4c induced
apoptotic cell death and genomic DNA fragmentation. Leishmania pro-
mastigotes were treated with 2 and 5 uM compound 4c for 2, 6, and 8 h,
and TUNEL assay was performed as described in the manufacturer’s pro-
tocol. In brief, leishmanial cells were fixed in paraformaldehyde (1 h, 4°C).
Cells were then incubated with bromolated dUTP (Br-dUTP) and termi-
nal deoxynucleotidyl transferase (TdT) for DNA labeling (1 h, 37°C).
After the Br-dUTP labeling, the terminal sites (3'-OH ends) of double-
and single-stranded DNA were identified using flow cytometry by stain-
ing cells with FITC-labeled antibromodeoxyuridine (anti-BrdU) anti-
body (30-min incubation in the dark) and propidium iodide-RNase A
solution for counterstaining the total DNA.

Ethics. BALB/c mice, originally obtained from Jackson Laboratories,
Bar Harbor, ME, and reared in the Indian Institute of Chemical Biology
(IICB) animal facilities, were used for experimental purposes with prior
approval of the animal ethics committee. The studies and animal handling
were approved by IICB Animal Ethical Committee (registration no. 147/
1999), registered with Committee for the Purpose of Control and Super-
vision on Experiments on Animals (CPCSEA), Government of India.

In vitro macrophage infection. Macrophages were isolated from
BALB/c mice (female, 4 to 6 weeks old) at 36 to 48 h after injection (in-
traperitoneal) with 2% (wt/vol) hydrolyzed starch by peritoneal lavage
with ice-cold phosphate-buffered saline. In vitro infection with promasti-
gotes of the AG83 wild-type strain, laboratory-grown SAG-resistant (Sb")
strain GE1, the laboratory-grown miltefosine-resistant (MIL") strain, and
the camptothecin-resistant (CPT") strain were carried out as described
previously (18). Compound 4c was added at different concentrations
(0.25,0.5,0.75, 1, 1.25, 1.5, 1.75, and 2 pM) to infected macrophages and
left for another 24 h. Cells were then fixed in methanol and stained with
2% Giemsa stain. Percentages of infected cells and total number of intra-
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cellular parasites were determined by manual counting of at least 200 cells
using a light microscope.

Measurement of dose-dependent cytotoxic effect of compound 4c
on cultured murine peritoneal macrophages by MTT assay. Macro-
phages isolated from mice were seeded on a 96-well tissue culture plate
(approximately 10° cells/well) in RPMI complete medium supplemented
with 10% fetal calf serum (FCS) and left to adhere for 48 h at 37°C under
5% CO,. Macrophages were then treated with increasing concentrations
of compound 4c (1, 5, 10, 20, 50, and 100 M) for 24 h. The percentage of
viable macrophages was measured by MTT assay.

Infection of mice and treatment with compound 4c. For experimen-
tal visceral infections, female BALB/c mice (4 to 6 weeks old, 20 to 25
g each) were divided into six groups (uninfected control group, in-
fected control group, and four treatment groups), each group consist-
ing of 5 animals. The animals were injected via the intracardiac route
with 2 X 107 hamster spleen-transformed L. donovani promastigotes
(suspended in 200 pl of 0.02 M PBS per mouse). At 3 weeks postinfection,
compound 4c was administered to infected animals via the intraperito-
neal route at 1, 2.5, 5, and 10 mg/kg body weight separately twice a week
for a period of 3 weeks. Visceral infection was determined by Giemsa-
stained impression smears of spleens and livers from 6-week-infected
mice and reported as Leishman-Donovan units (LDU), calculated as the
number of parasites per 1,000 nucleated cells times organ weight in mil-
ligrams (48).

Statistical analysis. Data are provided as means =* standard errors of
the means (SEM) or means * standard deviations (SD) from the number
of independent experiments performed. Statistical analysis and graphical
representation were performed with GraphPad Prism version 5.00
(GraphPad Software, San Diego, CA, USA).

RESULTS

Compound 4c inhibits catalytic activity of LdTopIB. Screening
of six spirooxindole and four bis-spirooxindoles derivatives
(compounds 4a to f and compounds 6a to d) (Fig. 1A, panels I to
X; see Data S1 and Tables S1 to S3 in the supplemental material)
showed that only compound 4c inhibits L. donovani topoisomer-
ase IB (LdTopIB) activity (Fig. 1B). To study the dose-dependent
inhibition pattern of compound 4c, increasing concentrations of
the compound were added to the relaxation assay mixture under
simultaneous and preincubation assay conditions (Fig. ICand D).
Under the simultaneous assay condition, substrate plasmid DNA,
LdTopIB, and compound 4c were added to the reaction mixture
simultaneously (Fig. 1C). To investigate the interaction of com-
pound 4c with the enzyme, a relaxation experiment was carried
out under the preincubation condition, and under this condition
LdTopIB was preincubated separately with compound 4c at dif-
ferent concentrations for 5 min at 37°C prior to addition of sub-
strate plasmid DNA (Fig. 1D). The percentage of relaxation inhi-
bition was plotted against the concentration of the compound for
simultaneous and preincubation assay conditions (Fig. 1E). The
50% inhibitory concentrations (IC5,s) (calculated using the vari-
able-slope model for finding the 50% effective concentration
[ECs,] in Prism, version 5.0 [GraphPad Software, San Diego, CA])
of compound 4c in simultaneous and preincubation DNA relax-
ation assays were 3.29 uM and 0.91 M, respectively. Therefore,
compound 4c is much more potent inhibitor of LdTopIB under
the preincubation assay condition. Under both assay conditions,
camptothecin (CPT) was used as a positive control.

Further, two stereoisomers (see Data S2 in the supplemental
material) of compound 4c¢ (compound 4c-1 and compound 4c-2)
were used to study the dose-dependent inhibition pattern of
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FIG 1 Chemical structures of six spirooxindole and four bis-spirooxindole compounds and inhibition of catalytic activity of LdTopIB by compound 4c. (A)
Chemical structures of the compounds. Panels: I, compound 4a, 2,2'«-3,3',5",6',7",7a,a’ -octahydro-2-methoxycarbonyl-spiro[indole-3,3"-pyrrolizidine] -2-
one; II, compound 4b, N-methyl-2,2"a 3,3",5',6',7',7a,&" -octahydro-2methoxycarbonyl-spiro[indole-3,3’ -pyrrolizidine]-2-one; III, compound 4c, N-benzyl-
2,2'a-3,3',5",6",7",70,a" -octahydro-2-methoxycarbonyl-spiro[indole-3,3'-pyrrolizidine]-2-one; IV, compound 4d, N-naphthyl-2,2'«-3,3',5",6,7',7a,a"-0c-
tahydro-2-methoxycarbonyl-spiro[indole-3,3’-pyrrolizidine]-2-one; V, compound 4e, 2,2'a-3,3",5',6',7',7a,a'-octahydro-2,3-dibenzoyl-spiro[indole-3,3'-
pyrrolizidine]-2-one; VI, compound 4f, 2-methoxycarbonyl-spiro[indole-3,3’-N-methylpyrrolizidine]-2-one; VII, compound 6a, N-benzyl-spiro[2,3']
oxindolespiro-[3,3']-oxindole-4-acetyl-pyrrolizidine; VIII, compound 6b, N-benzyl-spiro[2,3']oxindolespiro-[3,3']-oxindole-4-benzoyl-pyrrolizidine; IX,
compound 6¢, spiro[2,3']-oxindolespiro[3,3’]-oxindole-4-benzoyl pyrrolizidine; X, compound 6d, spiro[2,3']-oxindolespiro[3,3’]-oxindole-4-acetyl-N-
methylpyrrolidine. (B) Screening of 10 compounds (compounds 4a to fand compounds 6a to d) for anti-LdTopIB activity. Relaxation of supercoiled pBS SK(+)
DNA with reconstituted LdTopIB at a molar ratio of 3:1 at 37°C for 15 min was performed. Lane 1, 90 fmol of pBS SK(+) DNA; lanes 2 and 3, same as lane 1 but
simultaneously incubated with 30 fmol of LdTopIB with reaction buffer and 2% DMSO, respectively; lane 4, same as lane 2 but in the presence of 50 uM
camptothecin; lanes 5 to 14, same as lane 2 but in the presence of 50 wuM compound 4c, compound 6b, compound 6a, compound 4a, compound 6¢, compound
4e, compound 4f, compound 6d, compound 4b, and compound 4d, respectively. (C) Inhibition of LdTopIB-mediated plasmid relaxation by compound 4c under
the simultaneous condition. Relaxation of supercoiled pBS SK(+) DNA with reconstituted LATOP1LS at a molar ratio of 3:1 at 37°C for 15 min was performed.
Lane 1, 90 fmol of pBS SK(+) DNA; lane 2, same as lane 1 but simultaneously incubated with 30 fmol of LdToplIB for 15 min at 37°C; lane 3, same as lane 2 but
in the presence of 2% (vol/vol) DMSO; lanes 4 and 5, same as lane 2 but in the presence of 25 and 50 uM CPT, respectively; lanes 6 to 14, same as lane 2 but in
the presence of 1, 2, 5, 10, 20, 25, 50, 100, and 200 wM compound 4c, respectively. (D) Preincubation of LdTopIB with compound 4c followed by addition of
DNA. Lane 1, 90 fmol of pBS SK(+) DNA; lane 2, same as lane 1 but DNA was added after preincubation of 30 fmol LdTopIB with reaction buffer for 5 min at
37°C; lane 3, same as lane 2 but with 2% DMSO; lanes 4 and 5, same as lane 2 but the enzyme was preincubated with 15 and 25 wM CPT, respectively; lanes 6 to
14, same as lane 2 but the enzyme was preincubated with 1, 2, 5, 10, 20, 25, 50, 100, and 200 wM compound 4c, respectively. (E) Quantitative representation of
enzyme inhibition as a function of inhibitor concentrations in the presence of compound 4c in simultaneous and preincubation relaxation experiments. The
fitted lines (sigmoidal) from these data points (n = 3) have r* values of 0.9951 and 1.00, respectively.

LdTopIB. The isomers of compound 4c showed similar inhibition M) and compound 4c (25 wM) (see Fig. S3 in the supplemen-
patterns, with IC5,s 0of 7.57 uM and 5.79 uM, respectively (see Fig.  tal material). Camptothecin-mediated inhibition of LdTopIB
S1 in the supplemental material). is reversed with time, whereas compound 4c-mediated inhibi-

We also performed a time course plasmid relaxation assay  tion of LdTopIB is not reversed up to 30 min (see Fig. S3 in the
with LdTopIB in the absence or presence of camptothecin (50  supplemental material).
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FIG 2 Compound 4c does not stabilize LdTopIB-mediated DNA cleavage
complex and abrogates CPT-mediated DNA cleavage complex stabilization.
(A) Effect of compound 4c treatment on LdTopIB-mediated cleavage of plas-
mid DNA. The plasmid cleavage reaction and agarose gel electrophoresis were
performed as described in Materials and Methods. Lane 1, 50 fmol of pHOT1
DNA; lane 2, same as lane 1 but with 100 fmol LdToplB; lane 3, same as lane 2
but with SDS-proteinase K treatment; lanes 4 and 5, same as lane 3 but in the
presence of 25 and 50 wM CPT, respectively, as controls; lanes 6 to 11, same as
lane 3 but in the presence of 2, 5, 10, 20, 25, and 50 uM compound 4c, respec-
tively; lanes 12 and 13, same as lane 2 but the enzyme was preincubated with 25
and 50 wM dihydrobetulin acid (DHBA) before addition of camptothecin (50
M) and DNA; lanes 14 and 15, same as lane 2 but the enzyme was preincu-
bated with 10 and 20 pM compound 4c before addition of camptothecin (50
wM) and DNA. Positions of supercoiled monomer (SM) (form I), nicked
monomer (NM) (form IT), and relaxed molecules (form I") are indicated. The
figure represents two independent experiments. (B) Compound 4c does not
stabilize the LdTopIB-mediated DNA cleavage complex inside L. donovani
cells. Stabilization of the topoisomerase-mediated cleavable complex was an-
alyzed by the immunoband depletion assay. Panel I, immunoband depletion of
L. donovani topoisomerase I using an antibody raised against the LdTopIB
small subunit. Leishmanial cells were treated with 0.2% DMSO alone (lane 1),
with 10, 20, and 25 uM compound 4c (lanes 3, 4, and 5, respectively), 50 uM
CPT (lane 2), 25 puM DHBA before treatment with CPT (lane 6), or 10 and 20
M compound 4c before treatment with CPT (lanes 7 and 8, respectively).
Panel II, B-tubulin served as a loading control.

Compound 4c inhibits LdTopIB-mediated DNA cleavable
complex formation by abrogating topoisomerase IB-DNA in-
teraction both in vitro and in vive. Topoisomerase inhibition can
be achieved by prevention of enzyme-DNA binary complex for-
mation or by stabilizing the enzyme-DNA cleavable complex. To
find out whether compound 4c can form a covalent complex with
topoisomerase IB and DNA, a plasmid cleavage reaction was per-
formed under equilibrium conditions in the presence of increas-
ing concentrations of compound 4c with camptothecin as a posi-
tive control under standard assay conditions. As shown in Fig. 2A,
camptothecin converted closed circular DNA (form I) to nicked
circular DNA (form II) by stabilization of the “cleavable com-
plex.” When the cleavage assay was performed at increasing con-
centrations (2, 5, 10, 20, 25, and 50 wM) of compound 4c using
100 fmol of LdTopIB, no obvious nicked products were observed
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(Fig. 2A, lanes 6 to 11). Moreover, when 100 fmol of LdTopIB was
preincubated with 10 and 20 wM concentrations of compound 4c
before addition of 50 pM CPT (Fig. 2A, lanes 14 and 15), the
CPT-mediated cleavage complex stabilization was inhibited dras-
tically with increasing concentrations of this compound. These
results not only depict the inability of compound 4c to trap the
topoisomerase IB-mediated cleavable complex but also highlight
the antagonistic nature of this compound against camptothecin-
mediated stabilization of the DNA-topoisomerase IB cleavage
complex. This is a clear indication of the fact that this compound
inhibits the binding of enzyme to substrate DNA and inhibits
cleavable complex formation. This conclusion was further justi-
fied by using dihydrobetulinic acid (DHBA) as a positive control,
because DHBA binds with the free enzyme and prevents the sta-
bilization of cleavable complex formation by camptothecin, as
described previously (20).

In vitro studies indicated that compound 4c inhibits L. don-
ovani topoisomerase IB-mediated DNA cleavable complex forma-
tion by abrogating topoisomerase-DNA interaction. In order to
find out whether compound 4c performs similarly inside para-
sites, we carried out immunoband depletion experiments with L.
donovani AG83 promastigotes. Cellular fractions were prepared
from untreated as well as drug-treated promastigotes and sub-
jected to SDS-PAGE. If a topoisomerase forms a covalent complex
with genomic DNA inside cells, the topoisomerase-DNA cova-
lent complex cannot penetrate into the gel. On the other hand,
if the topoisomerase does not form a complex with DNA and
remains free, it will enter into the gel. The presence of topo-
isomerase IB in the cell lysate was detected by immunoblotting
against anti-LdTOP1S raised in rabbit as described in Materials
and Methods. The immunoband depletion experiment showed
the same results as the in in vitro experiment; i.e., compound 4c
inhibits L. donovani topoisomerase IB-mediated DNA cleavable
complex stabilization by inhibiting topoisomerase IB-DNA inter-
action (Fig. 2B).

Compound 4c acts as a competitive inhibitor of LdTopIB.
The preincubation relaxation assay and abrogation of cleavage
complex formation by compound 4c suggested that the com-
pound interacts with the free enzyme LdTopIB. To confirm this, a
time course relaxation experiment was performed under standard
relaxation assay conditions at 37°C, where the concentration of
supercoiled substrate pBS SK(+) DNA was varied over a range of
8 to 60 nM. The enzyme/DNA ratio was kept within the steady-
state assumption. As the velocity of the enzyme remains linear for
the first 5 min of reaction, all the subsequent velocities for this
kinetic study were measured for the time point up to 1 min, which
falls within the linear range for the velocity examined. The initial
velocities for each substrate concentration were plotted on a Lin-
eweaver-Burk plot (Fig. 3A). The maximal velocity (V,,,,) for the
LdTopIB was 6.37 X 10~% M base pairs of supercoiled DNA re-
laxed/min/0.98 nM enzyme, which corresponds to a turnover
number of about 72 plasmid molecules relaxed/min/molecule of
enzyme, and it remained unchanged after treatment with com-
pound 4c. However, the K,,, increased approximately 16-fold after
compound 4c treatment. Compound 4c competed for the DNA
binding, and the affinity of LdTopIB toward DNA decreased dras-
tically.

Two molecules of compound 4c bind to one molecule of
LdTopIB. To find out the nature of the enzyme-inhibitor interac-
tion, i.e., the interaction of compound 4c with LdTopIB, we mea-
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FIG 3 Compound 4c-mediated LdTopIB inhibition kinetics and compound 4c-LdToplIB interaction study. (A) Lineweaver—Burk representation of the kinetics
of relaxation of negatively supercoiled pBS SK(+) DNA by LdTopIB (#) alone or with compound 4c (H). Data are represented as mean £ SD from three
independent experiments. (B) Job plot of LdTopIB binding to compound 4c. Data are represented as mean = SD from three independent experiments. (C)
Double-reciprocal plot of compound 4c binding to LdTopIB. Data are represented as mean = SD from three independent experiments. (D) Linear plot of
compound 4c binding to LdTopIB. Data are represented as mean = SD from three independent experiments.

sured the compound 4c-mediated quenching of intrinsic trypto-
phan fluorescence of LdToplIB. The stoichiometry of the ligand-
protein interaction was measured using the Job plot (38, 39) as
described in Materials and Methods. The results of such an exper-
iment are shown in Fig. 3B. The stoichiometry of binding calcu-
lated using this method of continuous variation was found to be
2:1 for LdTopIB, which suggests that there are two binding sites
for compound 4c in the enzyme. The dissociation constant was
calculated from Fig. 3C and D. Figure 3C emphasizes the quench-
ing profile of a fixed amount of LdTopIB (200 nM) with various
concentrations of compound 4c (0 to 11 wM). The dissociation

constant (K},) of the ligand-receptor interaction was determined
to be 6.65 WM.

Compound 4c has probable binding sites in the small sub-
unit and the hinge region of the large subunit of LdTopIB. In
order to get in-depth insight into the binding sites of compound
4c on LdTopIB, we carried out computational analysis. The mo-
lecular docking was carried out with R and S stereoisomers of
compound 4c and also with compound 4a as negative control. The
binding sites of the least-energy conformers along with the bind-
ing energies are listed in Table 1. The interaction of 4a was found
to be energetically less favorable. Compound 4a does not inhibit

TABLE 1 Binding sites and binding energies of compounds 4c and 4a as obtained from different docking algorithms

AutoDock4 AutoDock Vina PatchDock/FireDock SwissDock
Compound” Energy (kJ/mol) Site Energy (kJ/mol) Site Energy (kJ/mol) Site Energy (kJ/mol) Site
4c-1 —28.33 Small subunit —30.96 Hinge —31.27 Small subunit —32.09 Hinge
4c-2 —26.48 Small subunit —33.47 Hinge —37.89 Small subunit —32.80 Hinge
4a —21.51 Small subunit —27.61 Hinge —28.48 Small subunit —28.20 Hinge

“ Compounds 4c-1 and 4c-2 are stereoisomers separated from compound 4c (racemic).
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FIG 4 Binding analysis of compound 4c with LdTopIB. (A) Binding sites of compound 4c on LdTopIB. Protein is shown as cartoon and the ligand in CPK model.
Interacting residues are shown as sticks. (B) Interaction of compound 4c with the small subunit of LdTopIB. Residues with more than a 30% interaction fraction
(i.e., common for at least 3 stereoisomers) are shown. (C) Interaction diagram of compound 4c with the hinge region of LdTopIB. Residues with more than a 30%

interaction fraction are shown.

the enzyme activity as well. From Table 1, it emerges that there are
two most probable binding sites for 4c: site one is in the small
subunit, and site two is in the hinge region of the large subunit,
which corroborates with the binding stoichiometry analysis and
fluorescence quenching studies (Fig. 3B, C, and D).

Molecular models of compound 4c complexed with LdTopIB
are shown in Fig. 4A. Figures 4B and C show the detailed interac-
tions of the amino acid residues of the two binding sites with
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compound 4c. A consensus of binding site residues was obtained
by comparing the best binding modes of compound 4c with Ld-
ToplIB and is shown as the interaction fraction in Fig. 4B and C.
Leu-215, Gly-216, Lys-219, Ile-220, Ile-228, Lys-241, Ile-242, Phe-
243, and Ile-247 of the small subunit were found to be the most
important amino acids in the interaction with compound 4c. Leu-
437, Phe-440, Asn-441, and Asn-444 of the large subunit were also
involved during this binding to the small subunit of LdTopIB.
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TABLE 2 EC;, and EC,,, values for the effect of compound 4c on Leishmania promastigotes”

Compound 4c

Compound 4¢
Promastigotes ECso (WM) ECyy (WM) Miltefosine ECs,, (M) selectivity index
Ag83 1.249 £ 0.0010 2.007 = 0.0011 19.713 £ 0.0009 9.45
GE1 1.34 = 0.0011 2.394 = 0.0012 20.218 = 0.0013 8.81
MIL* 1.413 = 0.0011 2.735 £ 0.0012 >100 8.35
CPT* 1.294 £ 0.0010 2.098 * 0.0011 19.831 = 0.0012 9.11

“ All EC5, and ECy,, values are presented as mean * standard error (n = 3).

Hydrophobic, hydrogen-bonding, polar, and electrostatic inter-
actions were the major driving forces in this binding. Important
amino acids that interact with compound 4c in the hinge region of
LdTopIB include Trp-30, Leu-36, Arg-37, Ala-39, Arg-45, Asp-
170, Arg-172, Ser-260, and Gln-264. Hydrophobic, electrostatic,
polar, and hydrogen-bonding interactions were the major forces
involved.

Compound 4c inhibits human topoisomerase I at much
higher concentrations. For development of compound 4c as a
potent antileishmanial agent targeting LdToplB, it was necessary
to study the effect of this compound on human topoisomerase I.
The relaxation experiment was performed under standard assay
conditions. It was noteworthy that when incubated simultane-
ously, compound 4c inhibited human topoisomerase I at much
higher concentrations (ICs,, 47.11 pM) than in case of LdTopIB
(3.29 pM) (data not shown).

Compound 4c shows cytotoxicity against wild-type AG83 as
well as against drug-resistant L. donovani promastigotes. The
cytotoxic potentials of these 6 spirooxindole compounds (com-
pounds 4a to f) and four bis-spirooxindoles derivatives (com-
pounds 6a to d) against Leishmania promastigotes were checked
using the MTT assay. Treatment of promastigotes with these com-
pounds (100 uM for 12 h) showed that only compound 4c has a
cytotoxic effect on the leishmanial parasites (data not shown).

Again promastigotes of the L. donovani wild-type AG83 strain,
SAG-resistant GE1 strain, miltefosine-resistant strain, and camp-
tothecin-resistant strain (3.0 X 10° cells/ml) were incubated with
10 different concentrations of compound 4c (0.25, 0.5, 0.75, 1,
1.25, 1.5, 1.75, 2, 2.25, and 2.5 M) for 12 h, following which the
survival percentage was estimated by MTT assay. Treatment of
promastigotes of all the strains with compound 4c demonstrated a
dose-dependent cytotoxic effect. The EC, values of compound 4c¢
against all 4 strains (AG83, GE1, and the MIL" and CPT" strains) of
L. donovani were calculated using the variable-slope model for
finding the EC;, in Prism (version 5.0; GraphPad Software, San
Diego, CA), and these are presented in Table 2. Miltefosine was
used as a positive control.

Next, the mode of cell death in compound 4c-treated wild-type
AG83 parasites was investigated. Externalization of phosphatidyl

serine (stained by annexin V-FITC) and presence of and imper-
meant cell membrane (negative PI staining) (see Fig. S2A in the
supplemental material), formation of reactive oxygen species
(ROS) causing cellular oxidative stress (see Fig. S2B in the supple-
mental material), loss of mitochondrial membrane potential
(AW.) (see Fig. S2C and D in the supplemental material), and
fragmentation of genomic DNA (see Fig. S2E in the supplemental
material) confirmed that compound 4c-treated cells die via the
apoptosis-like pathway.

Compound 4c reduces the presence of intracellular amasti-
gotes of AG83 and other resistant Leishmania strains in cul-
tured murine peritoneal macrophage cells. Primary macrophage
cells were infected with early-passage promastigotes of the L. don-
ovani wild-type AG83 strain, the SAG-resistant GE1 strain, the
miltefosine-resistant strain, and the camptothecin-resistant strain
in vitro. Infected macrophages were incubated with different con-
centrations (0.25, 0.5, 0.75, 1, 1.25, 1.5, 1.75, and 2 pM) of com-
pound 4c for 24 h, and intracellular amastigotes were counted.
The ECs,s of compound 4c against intracellular AG83, GE1, MIL',
and CPT" amastigotes of L. donovani were calculated using the
variable-slope model for finding the EC5, in Prism (version 5.0;
GraphPad Software, San Diego, CA), and these are given in Table
3. Miltefosine was used as a positive control.

The effects of compound 4c on cultured murine peritoneal
macrophages were determined using the MTT assay. Compound
4c kills macrophages at much higher concentrations. The ECs,
and EC,, values were found to be 11.80 pM and 41.95 pM.

Intraperitoneal administration of compound 4c reduces the
liver and spleen parasite burdens in a BALB/c mouse model of
experimental visceral leishmaniasis. We also studied the effect of
compound 4c on the in vivo animal model of L. donovani infection
to confirm the in vitro antileishmanial activity of this spirooxin-
dole. After intraperitoneal administration of compound 4c at 1
and 2.5 mg/kg, there were almost 52% and 74% reductions of liver
parasite burden (Fig. 5A and B) and 48.5% and 69.3% reductions
of splenic parasite load (Fig. 5B), respectively. The leishmanicidal
effect was more prominent with 5 and 10 mg/kg of compound 4c,
as there were 94% and 98% reductions in hepatic burden and
86.7% and 96% reductions in splenic parasite burden compared

TABLE 3 EC;, and EC,,, values for the effect of compound 4c on Leishmania intracellular amastigotes”

Compound 4¢

Compound 4¢

Amastigotes EC5, (kM) ECyy (LM) Miltefosine EC5, (M) selectivity index
Ag83 0.513 £ 0.0013 1.453 £ 0.0015 11.409 = 0.0016 23

GE1 0.858 £ 0.0011 1.606 = 0.0018 12.543 = 0.0011 13.75

MIL" 0.908 £ 0.0012 1.715 £ 0.0019 >60 12.99

CPT" 0.570 £ 0.0011 1.491 £ 0.0013 10.934 = 0.0014 20.70

“ All EC5, and ECy,, values are presented as mean * standard error (n = 3).

October 2016 Volume 60 Number 10

Antimicrobial Agents and Chemotherapy

aac.asm.org 6289


http://aac.asm.org

Saha et al.

2000

.

e
1500 e
3
2 1000
RN S
500
Nl Lo *% *k
Lyrr

Infected 1 mglkg 2.5mglkg 5 mglkg 10 mg/kg

Compound 4c

350 -
300{ =&
250 1

D 200 *
(=]

!‘#

150 1

100 4 —ahh

50 4 vy *%k
0 T T T T <A
Infected 1 mg/kg 2.5 mg/kg 5 mg/kg 10 mg/kg

Compound 4c|

**

FIG 5 In vivo antileishmanial effect of compound 4c. In vivo leishmanicidal efficacy of compound 4c in BALB/c mice infected with AG83 promastigotes via
intracardiac route was determined. Compound 4c was given at a dosage of 1, 2.5, 5, and 10 mg/kg of body weight intraperitoneally for 3 weeks (2 times per week)
starting on day 21 after infection. Animals were sacrificed 10 days after treatment, and liver (A) and splenic (B) parasite loads were determined for all groups.
Untreated infected mice were used as controls. Liver and spleen parasite burdens were determined by the stamp-smear method and expressed as LDU. Data
represent mean * SEM (n = 5 mice per group). *, P < 0.01; **, P < 0.001 (by Student’s ¢ test for different compound 4c treatment groups compared to the

infection control).

to infected mouse controls (Fig. 5A and B). During the study, all
mice remained alive and healthy and showed no in vivo toxicity
(see Fig. S4 in the supplemental material) and no remarkable
change in body weight (data not shown).

DISCUSSION

In the present study, we have shown for the first time that a novel
spirooxindole derivative, compound 4c, inhibits L. donovani to-
poisomerase IB (LdTopIB) and effectively kills both promastigote
and amastigote forms of wild-type as well as drug-resistant strains
of the parasite.

Spirooxindoles constitute a privileged heterocyclic moiety that
forms the core of a large number of synthetic and natural com-
pounds (27). Many attempts toward the synthesis of isatin-de-
rived polycyclic compounds having fused pyrrolidine rings have
been made (49). Multicomponent 1,3-dipolar cycloaddition reac-
tions are very fruitful synthetic procedures for the construction of
these fused five-member heterocyclic ring systems (50). These
methodologies offer superior advantages allowing the construc-
tion of complex molecular frameworks from easily available start-
ing materials in a single synthetic procedure without the necessity
for the isolation of intermediates (51, 52). Synthesis of spirooxin-
dole and bis-spirooxindole derivatives is still a great challenge be-
cause of their unnatural fused ring system and structural diversity
(53). Here we report the synthesis of six spirooxindoles (among
the six compounds, compound 4a, 2,2'a3,3',5',6',7',7a," -octa-
hydro-2-methoxycarbonyl-spiro[indole-3,3’-pyrrolizidine]-2-
one, was reported earlier [54]) and four bis-spirooxindoles in a
modified route (55) by reacting isatin and L-proline with electron-
deficient dipolarophile in acetonitrile at room temperature for 5
to 8 h in the presence of 4-A MS as an additive (see Data S1 and
Tables S1 to S3 in the supplemental material).

Most commonly reported LdTopIB inhibitors (such as camp-
tothecin) stabilize the LdTopIB-DNA cleavage complex (14) and
inhibit this enzyme in a noncompetitive manner. The synthesized
compound 4c inhibits the relaxation activity of L. donovani topo-
isomerase IB more effectively under the preincubation condition
(Fig. 1D) than under the simultaneous assay condition (Fig. 1C) in
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vitro. The mode of inhibition by compound 4c suggests that there
is some kind of interaction between free LdTopIB and the com-
pound, unlike with CPT. In accordance with the preincubation
assay, an enzyme kinetics study revealed that the inhibition mode
is of competitive the type; i.e., the compound indeed binds to the
free enzyme, whereas CPT binds only to the enzyme-DNA com-
plex. The increase in K, suggests that the affinity of the enzyme
toward DNA decreases when enzyme is bound to inhibitor. A
topoisomerase reaction has three general mechanistic steps (56),
viz., (1) binding of the enzyme to the substrate DNA, (ii) cleavage
of one strand by trans-esterification reaction followed by strand
rotation (57), leading to a change in linking number by one or
more than one, and (iii) strand religation and turnover of the
enzyme. The in vitro plasmid cleavage experiment made it clear
that this spirooxindole compound 4c does not stabilize the Ld-
TopIB-DNA cleavage complex but rather abrogates camptoth-
ecin-mediated cleavable complex formation (Fig. 2A). Cellular
studies, i.e., immunoband depletion experiments with nuclear
fractions of L. donovani promastigotes using specific antibody
raised against LdTopIB, revealed that compound 4c does not in-
duce stabilization of the covalent topoisomerase I-DNA cleavable
complex inside parasite cells (Fig. 2B). Further intrinsic fluores-
cence quenching analysis established an interaction (with K, val-
ues in the range of ~10 to 6 M for LdTopIB) between the free
enzyme and compound 4c (Fig. 3C and D). Finally, Job plot anal-
ysis established that 2 molecules of compound 4c bind to 1 mole-
cule of LdTopIB;i.e., thereisa2:1 interaction of this inhibitor with
LdTopIB (Fig. 3B). Thus, from our biochemical studies, com-
pound 4c can be classified as a “catalytic inhibitor” or a class II-
type drug, and it abrogates topoisomerase IB-DNA interaction
(i.e., the first step of topoisomerization).

An in silico docking experiment was performed with com-
pound 4¢ and compound 4a to further support our in vitro bio-
chemical observations and to detect possible binding sites of com-
pound 4c on LdTopIB. Indeed, docking studies revealed two
binding sites on the bisubunit enzyme LdTopIB. One possible hit
for binding sites is in the small subunit and the other is in the hinge
region of the large subunit of LdTopIB. Compared to compound
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4a, compound 4c has a benzyl moiety, which gave it inhibitory
activity. When compound 4c¢ binds to site one, the benzyl group
penetrates the hydrophobic groove between the large and small
subunits and forms a pi-stacking interaction with Phe-243 of the
small subunit. It also forms strong H bonding with Asn-444 of the
large subunit, thus interfering with the relative dynamics of the
two subunits. On the other hand, the interaction of compound 4a
with site one is relatively weak (Table 1).

The hinge region of topoisomerase IB has important role in
opening and closing of the enzyme around DNA and in turn help-
ing the enzyme in attaining precleavage formation (56, 58). Near
binding site two (hinge region), there is a hydrophobic cluster
formed by three Trp residues (Trp-30 and -31 of the large subunit
and Trp-253 of the small subunit) that is critical for the DNA
binding and strand rotation step of the catalytic cycle of LdTopIB
(58,59, 60, 61). The benzyl group of compound 4c interacts with
this Trp cluster through Trp-30. Therefore, the benzyl moiety of
compound 4c appears to be important for its inhibitory actions.
Site-directed mutagenesis of the important interacting amino acid
residues in both the small subunit and the hinge region of the large
subunit can give us further insight into the reaction mechanism by
which compound 4c inhibits LdTopIB.

It is widely reported that topoisomerase poisons cause apopto-
sis-like cell death in the parasite by inducing double-strand breaks
in the DNA (62). Treatment with catalytic inhibitors of topoisom-
erases also sometimes may cause apoptosis-like cell death (47).
Catalytic inhibitors bind directly with topoisomerases and pre-
vent them from binding to DNA and executing their cellular func-
tions, i.e., helping in replication and transcription processes. This
kind of phenomenon may generate cellular stress and increase
cytosolic ROS and may ultimately trigger an apoptosis-like phe-
nomenon (63, 64, 65, 66). The same may be the case with this
novel spirooxindole compound 4c, which is a catalytic inhibitor of
LdTopIB. Though this compound does not stabilize the LdTopIB-
DNA cleavage complex, it is highly cytotoxic and induces apopto-
sis-like cell death in the parasite. Treatment of the parasite with
compound 4c causes depolarization of mitochondrial membrane
potential and formation of reactive oxygen species, which triggers
cell death inside the parasite. Externalization of phosphatidyl ser-
ine (annexin V positive staining) and genomic DNA fragmenta-
tion upon treatment with compound 4c supported apoptosis-like
cell death in the parasite.

With the recent emergence of L. donovani strains that are re-
sistant to commonly used leishmanicidal agents, viz., SAG and
miltefosine, development of better chemotherapeutic agents is
important. Compound 4c effectively killed SAG- and miltefosine-
resistant parasites with EC5,s comparable to those for wild-type
AGS83 strains. This compound also is highly cytotoxic against par-
asite strains that are resistant to the topoisomerase-targeting drug
camptothecin. Finally, the antileishmanial therapeutic potential
of compound 4c was established in the BALB/c mouse model of
visceral leishmaniasis. The mouse model mimics all the immuno-
logical features of human visceral leishmaniasis within 3 to 4
weeks postinfection and is considered a good model (67). Com-
pound 4c treatment at dosages of 5 and 10 mg/kg nearly elimi-
nated the parasite burdens in the liver and spleen.

From all these data it can be concluded that spirooxindole
compound 4c is a potent L. donovani topoisomerase IB catalytic
inhibitor and that this compound may be used as a lead to develop
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more effective and potent leishmanicidal agents against emerging
resistant strains.
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