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ARTICLE INFO ABSTRACT

Keywords: Cervical cancer is a leading cause of cancer-related deaths among women in developing countries. Therefore,
Pregnenolone acetate development of new chemotherapeutic agents is required. Unlike normal cells, cancer cells contain elevated
Tetrazole copper levels which play an integral role in angiogenesis. Thus, targeting copper via copper-specific chelators in
Copper ) cancer cells can serve as effective anticancer strategy. In this work, a copper chelator pregnenolone acetate
i;‘i{;)t(o?i':lmg ?ucleus—based tetrazole derivative (ligand-L) was synthesized and characterized by elemental analysis, ESI-MS,
DNA damage H NMR and '>C NMR. DNA binding ability of ligand-L was studied using UV-Vis and fluorescence spectroscopy.

Fluorescence spectroscopy studies reveal that quenching constant of ligand-.-DNA and ligand-L-Cu(II) were
found to be 7.4 x 10> M~ ! and 8.8 x 10°> M™%, respectively. In vitro toxicity of ligand-L was studied on human
cervical cancer C33A cancer cells. Results showed that ligand-L exhibit significant cytotoxic activity against
cervical cancer C33A cells with ICs, value 5.0 + 1.8 uM. Further, it was found that ligand-L cytotoxicity is due
to redox cycling of copper to generate ROS which leads to DNA damage and apoptosis. In conclusion, this is the
report where we synthesized pregnenolone acetate-based tetrazole derivative against C33A cells that targets
cellular copper to induce pro-oxidant death in cancer cells. These findings will provide significant insights into
the development of new chemical molecules with better copper chelating and pro-oxidant properties against
cancer cells.

1. Introduction cells exhibit altered metabolism with elevated copper levels as com-

pared to normal cells [6-8]. Copper is an important redox active metal

Cervical cancer is the third most common cancer that affects women
worldwide with an estimated 530,000 new cases and 275,000 deaths
each year in developing countries, out of which India represents one-
quarter of the cervix cancer burden globally [1]. The pathological
progression of cervical tumorigenesis is associated with high-risk
Human Papilloma Virus (HPV) types [2]. Traditional therapeutic ap-
proaches for cervical cancer include surgery, radiotherapy and che-
motherapy [3]. However, platinum-based chemotherapy against cer-
vical cancer exhibits drug resistance and serious side effects [4,5]. Thus,
there is a need to identify and synthesize new chemotherapeutic agents
against cervical cancer.

In continuation of our pursuit to design and synthesize new anti-
tumor agents against cervical cancer, it is important to note that cancer
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ion associated with DNA bases, particularly with guanine [9]. Elevated
copper in cancer plays an integral role in angiogenesis by functioning as
a co-factor of several pro-angiogenic molecules such as VEGF, angio-
genin and basic fibroblast growth factor (bFGF) [10,11]. Therefore,
development of copper-specific chelators provides a selective approach
to target tumor cells. The cytotoxicty of copper complexes towards
cancer cells thus arises from their high redox activity to produce re-
active oxygen species (ROS) [12]. ROS generation by ligand-copper
complexes further leads to metal-driven oxidative DNA damage and cell
death [13].

Steroids are a class of naturally occurring organic compounds which
exhibit diverse biological activities [14-17]. Steroid-based therapeutics
has attracted considerable interest due to various advantages such as
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non-toxic, less vulnerable to drug resistance and high bioavailability in
biological systems [18]. Among steroids, pregnenolone derivatives have
been synthesized and evaluated for cytotoxicty against several cancer
cell lines [19-21]. Addition of heteroatoms (N or O) in the p-ring of
pregnenolone skeleton greatly enhances the biological activities of
synthesized molecules. Various heterocyclic moieties have been in-
troduced into the core structure of pregnenolone such as pyrazolines,
pyrazoles, triazolyl, hydrazones, oximes, thiazoles and hydrazide-hy-
drazone [19-22]. However, no effort has been made towards the effi-
cient synthesis of pregnenolone-based tetrazole derivatives. Tetrazoles
possess wide spread pharmacological properties such as hypotensive,
antiviral, antifugal, antimicrobial, antiallergic and anticancer [23-28].
Also, it is important to note that many of the highly effective FDA-
approved drugs such as losartan, valsartan, flomoxef and cefonicid
contain tetrazole ring system in their active pharmaceutical ingredient
[29-33]. Moreover, tetrazole group has also been investigated for its
co-ordination properties in metal complexes [34].

Keeping in view the above facts regarding the development of
copper-specific chelators for cancer cells, advantages of steroid-based
therapeutics and importance of co-ordination properties of tetrazole
ring system, we synthesized a pregnenolone acetate-based tetrazole
derivative against human cervical cancer C33A cells. Here, we showed
that pregnenolone acetate-based tetrazole derivative (ligand-L) showed
significant in vitro cytotoxic activity against cervical cancer C33A cells.
Ligand-L inhibited cell proliferation and induce apoptosis in C33A cells,
and such cell death was prevented to a significant extent by cuprous
chelator neocuproine and ROS scavenger N-acetyl cysteine (NAC).
Ligand-L also induced DNA fragmentation, cell cycle arrest at the G1/S
phase, mitochondrial membrane depolarization, up-regulation of p53
and p21 and caspases 9/3 activation. All these effects induced by li-
gand-L were attenuated by neocuproine and NAC. This indicates that
ligand-L cytotoxicity is due to redox cycling of copper to generate ROS
which leads to pro-oxidant cell death. These findings will facilitate the
future development of new chemical molecules with better copper
chelating and pro-oxidant properties against cancer cells.

2. Experimental
2.1. General

Chemicals and solvents used in this study were purchased from
Merck, India and Sigma-Aldrich, St. Louis, MO. Melting point was re-
corded on Buchi melting point apparatus B-545. All the microwave-
assisted reactions were performed using an Anton Paar Monowave 300
microwave reactor. IR spectra (KBr discs) were recorded using Perkin
Elmer Spectrum Two IR spectrometer and values are given in cm ', 'H
and '3C NMR spectra were run in DMSO-d on a Bruker Avance II 400
NMR spectrometer at 400 MHz and 100 MHz, respectively. Chemical
shifts are reported in parts per million (ppm, §) relative to internal
standard tetramethylsilane (TMS). Mass spectra were recorded on a
JEOL SX 102/DA-6000 mass spectrometer. Carbon, hydrogen and ni-
trogen contents were recorded on Perkin Elmer 2400 Series II system.
Thin layer chromatography (TLC) plates were coated with silica gel G
and exposed to iodine vapours to check the homogeneity as well as the
progress of reaction. Sodium sulfate (anhydrous) was used as a drying
agent. For the nomenclature of steroid derivative, we used definitive
rules for the nomenclature of steroids published by the Joint
Commission on Biochemical Nomenclature (JCBN) of IUPAC [35,36].
Calf thymus DNA (ct-DNA) was dissolved in 10 mM Tris-HCI buffer (pH
7.2) at 4 °C with occasional stirring to form homogenous solution. The
purity of DNA was determined by recording the absorbance ratio
As60nm/Azgonm- Since the absorbance ratio of DNA was between 1.8 and
1.9, therefore no further purification was required. The average ex-
tinction coefficient value of 6600 M~™! em™? of a single nucleotide at
260 nm was required to determine the concentrations of DNA solutions
[371.
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2.2. Synthesis of 1-(3B-Acetoxy-pregn-5-ene-20-ylidene)-1H-tetrazol-5yl-
acetylhydrazone (Ligand-L)

To a solution of pregnenolone acetate (1 mmol) in ethanol (20 ml),
cyanoacetylhydrazine (1 mmol) was added. The reaction mixture was
heated under reflux for 2-3 h and allowed to cool at room temperature.
The solid product formed upon keeping the reaction mixture overnight
was collected by filtration. The precipitate was filtered, dried and
monitored through TLC for the purity. TLC revealed just a single spot
which proved the presence of a single product i.e. 1-(3(3-Acetoxy-pregn-
5ene-20-ylidene)-2-cyanoacetylhydrazone (compound 1).

In a sealed tube, sodium azide (1 mmol) and 1.5 equimolar amount
of ammonium chloride were added to the stirred solution of compound
1 (1 mmol) in dimethylformamide (DMF) (15 ml). The reaction mixture
was subjected to microwave heating on 115 °C for 35-40 min at 300 W.
The progress as well as completion of the reaction was monitored by
TLC. After completion of the reaction, the excess solvent was removed
under reduced pressure by rotary evaporator (Rotavapor, Buchi, USA).
The reaction mixture was then taken in diethyl ether, washed with
water and dried over anhydrous sodium sulfate. Evaporation of solvents
and re-crystallization from methanol afforded the synthesis of ligand- L.

2.2.1. 1-(3f-Acetoxy-pregn-5-ene-20-ylidene)-1H-tetrazol-5yl-
acetylhydrazone

Yield: 86%; brown solid; mp 166-168 °C; IR (KBr) em~ 1 3333
(NH), 1732 (OCOCH3), 1688 (C=0), 1654 (C=N), 1610 (C=C), 1368
(C—N). 'H NMR (400 MHz, DMSO-ds, ppm): 1.31-1.37 (s, 3H), 1.40 (s,
2H), 1.45-1.57 (s, 3H), 1.60-1.81 (m, 5H), 1.84-1.94 (4H), 1.97-2.08
(4H), 2.26 (s, 2H), 4.45-4.47 (m, 2H), 5.35 (t, 1H), 5.76 (s, 2H), 8.21 (s,
1H), § 9.8 (s, 1H). '3C NMR (100 MHz, DMSO-ds, ppm): & = 12.45,
17.04, 23.38, 24.27, 24.46, 25.11, 27.80, 29.57, 31.70, 31.97, 36.70,
36.98, 38.13, 38.34, 38.56, 43.72, 49.77, 56.25, 56.47, 58.69, 63.04,
74.62, 139.94, 154.71, 165.62, 171.87. ESI MS: m/z 482.6 [M*].
Anal.Caled. for Cy¢H3agNgOs: C, 64.70; H, 7.94; N, 17.41. Found: C,
64.68; H, 7.9; N, 17.45.

2.3. UV-Vis spectroscopy of ligand-L with ct-DNA

UV-Vis spectra of ligand-L in presence and absence of ct-DNA were
recorded in the wavelength range 230-600 nm with a UV-Vis spec-
trophotometer. To 3ml of reaction volume, fixed concentration of li-
gand-L (5 uM) was used and titrated against increasing concentration of
ct-DNA (0-25 uM).

2.4. UV-Vis spectroscopy of ligand-L with Cu(I)

Absorption spectra of ligand-L in absence and presence of Cu(II)
were recorded in the wavelength range 230-600nm using UV-Vis
spectrophotometer (UV-1800, Shimadzu Corp., Tokyo, Japan). To the
reaction mixture, fixed concentration of ligand-L (5 uM) was used and
titrated against increased concentrations of Cu(II) (0-25 pM) in 10 mM
Tris-HCl (pH 7.2).

2.5. Fluorescence studies of ligand-L with Cu(Il) and ct-DNA

Fluorescence emission spectra were recorded on a RF-5301PC
spectrofluorometer (Shimadzu Corp., Tokyo, Japan). All the reaction
mixtures were prepared in 10 mM Tris-HCl (pH 7.2) to determine
emission spectra. Ligand-L was excited at 265 nm and emission spectra
were recorded in the wavelength range 300-400 nm.

2.6. Detection of ligand-L mediated Cu(II) to Cu(l) conversion
Detection of ligand-L mediated redox cycling of Cu(Il) to Cu(I) was

analyzed using bathocuproine, which is Cu(I) specific sequestering
agent. Bathocuproine binds specifically to Cu(I) form of copper and
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when complexed with Cu(I) gives an absorbance maximum at 480 nm
[38]. To check the conversion of Cu(II) to Cu(l), reaction mixture was
prepared which contained 10 mM Tris-HCI (pH 7.2), 100 uM Cu(Il),
300 uM bathocuproine and 50 uM ligand-L and the absorbance was
recorded immediately at 480 nm.

2.7. Prediction of drug-likeness (Lipinski’s rule of five)

To determine the drug-likeness of ligand-L, physiochemical prop-
erties such as octanol-water partition coefficient (log P), molecular
weight (MW), rotatable bonds, polar surface area, hydrogen bond do-
nors and acceptors were calculated using molinspiration server (www.
molinspiration.com/cgi-bin/properties) [39] and ChemAxon (www.
chemicalize.org) [40].

2.8. Toxicity studies of Ligand-L

Freshly heparinised blood samples were obtained by venipuncture
from a healthy non-smoking volunteer (Atif Zafar: Author himself). The
blood was diluted suitably in Ca* * and Mg™ * free PBS. Lymphocytes
were isolated from blood using Histopaque 1077 (sigma) and the cells
were finally suspended in RPMI 1640. Isolated lymphocytes were
checked for their viability before the start of the reaction using Trypan
blue exclusion test [41].

Toxicity of ligand-L was analysed by using 3-(4,5-dimethylthiazol-2-
yD)-2,5-diphenyl tetrazolium bromide (MTT) assay [42]. Freshly iso-
lated lymphocytes were plated in 96-well flat bottom tissue culture
plate at a concentration of 1 x 10* cells/well. Lymphocyte samples
were incubated with increasing concentration of ligand-L (25-100 pM)
at 37 °C in 5% CO, for 24 h. After 24 h treatment, 10 ul of MTT solution
(5 mg/ml stock solution) was added in each well, re-incubated for 3h at
37 °C until formazan blue crystal developed. Afterwards, 100 ul of
DMSO was added to each well to solubilise the crystals. Plates were
then read using ELISA plate reader at the wavelength 570 nm (Bio Tek
Instruments Inc., USA). Also, apoptosis induction in lymphocytes by
increasing concentration of ligand-L (25-100 pM; incubation time 24 h)
was analysed by flow cytometry using Annexin V-FITC Detection Kit
(Sigma-Aldrich, St. Louis, USA).

2.9. Cell culture and antibodies

Human cervical cancer cell line C33A was purchased from American
Type Culture Collection (ATCC, Manassas, VA). C33A cells were cul-
tured in Dulbecco’s Modified Eagle Medium (DMEM, Sigma-Aldrich, St.
Louis, MO) supplemented with 10% heat-inactivated fetal bovine serum
(FBS, Sigma-Aldrich, St. Louis, MO) and 1% penicillin and strepto-
mycin. Cells were grown in tissue culture flasks at 37 °C in an atmo-
sphere of 5% CO, incubator and were checked for mycoplasma con-
tamination by mycoplasma PCR detection kit (Sigma-Aldrich, St. Louis,
MO). Antibodies to Bcl-2, Bax, caspase-3, caspase-9, cyclin E, CDK2,
p53, p21 and B-actin were obtained from Santa Cruz Biotechnology Inc.
(Santa Cruz, CA, USA).

2.10. Cellular viability assay and ICso determination

Cell viability was assayed using MTT assay [42]. For this experi-
ment, 1 X 10* C33A cells were seeded into 96-well plate overnight for
adherence. Cells were then treated with increasing concentrations of
ligand-L for 24 h at 37 °C in 5% CO,. After 24 h treatment, 20 ul of MTT
solution (5 mg/ml stock solution) was added in each well, re-incubated
for 3h at 37 °C until formazan blue crystal developed. Thereafter, the
medium was completely aspirated and 100 pl of DMSO was added to
solubilise the formazan crystals. Plates were then read using ELISA
plate reader at the wavelength 570 nm (Bio Tek Instruments Inc., USA).
ICs, value for ligand-L was calculated by determining the concentration
that causes 50% inhibition of cell growth of C33A cells. Later, at ICso
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Fig. 1. Scheme 1: Synthetic route for the synthesis of Ligand-L.

concentration of ligand-L, MTT assay was performed in the presence of
membrane permeant copper chelator neocuproine (50 uM) and ROS
scavenger N-acetyl cysteine (NAC) (1 mM).

2.11. Evaluation of ROS generation

Intracellular ROS generation namely hydrogen peroxide (H>0,) and
superoxide anion (O, ") were assessed in treated C33A cells using
DCFH-DA and DHE probes, respectively [43,44]. Briefly, C33A cells
(1 x 10* /well) were seeded in 96-well black bottom culture plates and
allowed to adhere overnight and then treated with ICso concentration of
ligand-L and also with neocuproine or NAC in different sets of experi-
ments at 37 °C in 5% CO; for 24 h. After complete incubation, the cells
were stained with DHE (20 uM) for 20 min and DCFH-DA (30 uM) for
30 min at 37 °C. The reaction was aspirated and replaced by 200 pl of
phosphate buffer saline (PBS). Plates were then placed on the shaker for
15 min at room temperate in the dark. For quantitative ROS analysis,
fluorescence intensity was measured by multi-detection micro-plate
reader (Bio Tek Instruments Inc., Winooski, VT, USA) at 485 nm (ex-
citation wavelength) and 528 nm (emission wavelength) for DCFH-DA
and 596 nm (excitation wavelength) and 620 nm (emission wavelength)
for DHE. The values were expressed as the percentage fluorescence
intensity relative to control cells.

Hydroxyl radical generation by ligand-L alone (at ICso concentra-
tion) and in presence of Cu(Il) ions (10 uM) was detected by the method
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Fig. 2. Effect of increasing concentrations of (A) ct-DNA (5-25 pM) and (B) Cu(Il) (5-25 uM) on the absorption spectra of ligand-L (5 uM). Black coloured arrow
indicates the hyperchromic (upward arrow) shifts on Ligand-.-DNA and Cu(Il)-Ligand-L interactions.

of Quinlan and Gutteridge [45]. Calf thymus (CT) DNA (300 pg) was
used as a substrate and the generation of malondialdehyde from
deoxyribose radicals was assayed by recording the absorbance at
532nm.

2.12. Apoptosis analysis via Annexin V-FITC/PI assay

Apoptosis detection by flow cytometry was carried out using the
Annexin V-FITC Detection Kit (Sigma-Aldrich, St. Louis, USA). Cells
were seeded in 6-well plate at a concentration of 1 x 10° cells per well.
Next, the cells were treated with ICsy concentration of ligand-L and
ligand-L + Neocuproine (50 pM) or NAC (1 mM) in different sets of
experiments for 24 h. After incubation, the cells were collected and
immediately suspended in the 1X binding buffer and subsequently
stained with 5 ul Annexin V-FITC conjugate and 10 pl propidium iodide
(PI) solution. Cell mixture was incubated for 15 min at room tempera-
ture. Data acquisition was performed on a FACSVerse flow cytometer
(BD Biosciences, San Jose, CA). The acquired data was analyzed using
FlowJo Software (Treestar, Ashland, OR). Early and late apoptotic cells
were expressed as percentage of total number of cells. For each sample,
10,000 cells were analyzed.

2.13. Cell cycle arrest analysis

Cell cycle arrest analysis was carried out by flow cytometry. C33A
cells (2 x 10° /well) were grown in a 6-well culture plate and exposed
to ICsp concentration of ligand-L and ligand-L + Neocuproine (50 pM)
or NAC (1 mM) in different sets of experiments for 24 h. After 24 h in-
cubation, the cultured cells were harvested and washed with PBS. Later,
the cells were fixed in ice-cold 70% ethanol at —20 °C overnight.
Following fixation, the cells were washed with PBS and treated with
RNase (200 pg/ml) and Triton X-100, and were then stained with
propidium iodide (PI) (Sigma, USA) in the dark at room temperature for
30 min. Cell cycle phase distribution was analysed by flow cytometry
and the percentage of cells in various phases (Gy, Gi, S and G,/M
phases) was determined by FlowJo Software (Treestar, Ashland, OR).

2.14. Assessment of mitochondrial membrane potential (A'¥,,)

Cationic, lypophilic dye 5,5,6,6"-tetrachloro-1,1%,3,3'-tetra-
ethylbenzimidazol-carbocyanine iodide (JC-1) has been used to study
the loss of the mitochondrial potential during apoptosis [46]. Briefly,
1 x 10° cells were treated with ICs, concentration of ligand-L and

ligand-L + Neocuproine (50 uM) or NAC (1 mM) in different sets of
experiments for 24 h. Following treatment, the cells were harvested and
suspended in 1 ml PBS. To each tube, 10 ul of 200 uM of JC-1 dye is
added and incubated the cells at 37 °C, 5% CO-, for 20 min after which
they were analyzed with flow cytometry (FACSVerse flow cytometer)
with 10,000 events were recorded per analysis.

2.15. Morphological assessment of cell death by phase contrast and
fluorescence microscopy

Approximately 1 x 10° cells were seeded in 6-well culture plate and
were exposed to ICso concentration of ligand-L and ligand-
L + Neocuproine (50 uM) or NAC (1 mM) in different sets of experi-
ments for 24 h. After complete incubation, the cells were examined
using a phase contrast inverted microscope to identify the morpholo-
gical features of apoptotic cells such as cell-volume shrinkage and
formation of apoptotic bodies [47].

Apoptosis induction by ligand-L in treated cells was also analyzed
by analysing the nuclear morphology using DAPI staining. Treated cells
(1 x 10%/well) were incubated in DAPI (10 ug/ml) solution for 20 min
at room temperature in the dark. After staining, the images were cap-
tured using a fluorescent microscope (Nikon ECLIPSE Tis, Japan) for
determination of nuclear morphological changes. Typical result from
three experiments is shown.

2.16. Colony formation assay

C33A cells were seeded into 6-well plates at a density of 1200 cells
per well in triplicate. Cells were exposed to ICso concentration of li-
gand-L and ligand-L + Neocuproine (50 uM) or NAC (1 mM) in dif-
ferent sets of experiments for 24 h. After 24 h, the medium was replaced
with the fresh medium without any compound. After incubation at 37
°C for 14 days, cells were fixed using 2.5% glutaraldeyde, stained with
0.5% toluidine blue solution, and the visible colonies were then pho-
tographed using eclipse TS100 light microscope (Nikon Corporation,
Tokyo, Japan).

2.17. Western blot analysis

C33A cells were exposed to ICsy concentration of ligand-L and li-
gand-L + Neocuproine (50 uM) or NAC (1 mM) in different sets of ex-
periments for 24 h. After incubation, cell were harvested and lysed with
ice-cold lysis buffer (150 mM NacCl, 50 mM of pH 7.4 Tris, 1 mM EDTA,



A. Zafar, et al.

120

@A) 2%

100

é\ ,‘f J"-’"“' 1‘“,1,‘.».1'\.#,\." ::.‘ | \
o .1..’ ey A
[0}
e
£
40 —
20 T T T T
300 320 340 380 380 400
Wavelength (nm)
1.5
1.4
1.3 4
-
&O
™S 1.2 4 [ ]
1.1 4 [ ]
1.0
—T 77T T
0 5 10 15 20 5 30 35 40
DNA (uM)

Bioorganic Chemistry 87 (2019) 276-290

Cu(i(uM)

-0

-5

10

R - 15

I, %

WMW"’ ALY 2

i o S Wl iy "Hﬂ\‘ 30

i o o “’”"'”'{!

y 1

Intensity

40 -

20 ———
300 320 340 380 380

400
Wavelength (nm)

FIF,

Cu(ll) (uMm)
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1% Triton X-100, 0.5% SDS, 0.01% PMSF). After centrifugation, protein
was quantified and 40 pg of protein was resolved on 10-15% SDS-PAGE
and transferred to polyvinylidene difluoride (PVDF) membrane.
Membranes were blocked with 5% non-fat dry milk in TBST (0.1%
Tween-20 in Tris-buffered saline) for 60 min and then incubated with
primary antibody for Bcl-2, Bax, caspase-3, caspase-9, cyclin E, CDK2,
p53, p21 and B-actin at 4 °C overnight. After primary antibody in-
cubation, membranes were washed three times with TBST and then
incubated with HRP-conjugated secondary antibody for 1h. The
membranes were then washed three times in TBST and protein ex-
pression was visualised by ECL detection reagent and developed by
exposure to X-ray films.

280

2.18. Molecular docking studies

The three dimensional (3D) chemical structure of pregnenolone
acetate derivative (ligand-L) was obtained and minimised using Sybyl-X
(v.2.1.1). Molecular docking was performed to predict binding-site and
binding-mode of ligand-L with double-stranded B-DNA (PDB: 1BNA).
AutoDock (v4.2) [48] suit incorporated in MGL tools (v1.5.6) [49] was
used to perform docking. Docking was performed in two consecutive
stages. At first stage, the preferred binding site was indentified. The
input ‘grid parameter’ file was modified and adjusted to 70 * 50 * 100
points in XYZ dimensions, respectively, with default spacing of 0.375 A
to cover the complete DNA molecule. Likewise, the input ‘docking
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Fig. 4. Reduction of Cu(II) to Cu(I) by ligand-L. Ligand-L induced conversion of
Cu(II) to Cu(I) was detected by the formation of bathocuproine-Cu(I) complex.
Absorption spectra were recorded between 400 and 600 nm. No characteristic
peak was observed in case of bathocuproine + Cu(ll) and bath-
ocuproine + ligand-L. Reaction mixture contained the following: 300 uM
bathocuproine + 100 uM Cu(II), 300 uM bathocuproine + 50 uM ligand-L and

300 uM bathocuproine + 50 pM ligand-L + 100 pM Cu(II).

parameter’ file was slightly modified. The numbers of Genetic Algo-
rithm (GA) runs were set to 100. Using clustering approach, best pose
from most populated cluster was saved and considered for second stage.
The grid for the second stage was localized to the binding site of the
best pose obtained from stage one and then again molecular docking
was performed for 100 GA runs. Best pose from the most populated
cluster of second stage resembles preferred binding mode of ligand-L
with B-DNA. The complex was saved and considered for visualisation
and molecular dynamics (MD) simulations. Molecular visualisation was
aided by UCSF-Chimera (v1.8.1) [50]. LIGPLOT* (v1.4.5) was also
used to identify hydrophobic interactions and hydrogen bonding be-
tween ligand-L and B-DNA [51].
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2.19. Molecular dynamics (MD) simulations

The stability of the docked complex was evaluated via MD simula-
tions. Simulations were performed over server facilitated with AMD
Opteron™ Processor 6386 SE using the GROningen MAchine for
Chemical Simulations (GROMACS) v5.0.7 package [52]. The complex
was separated into two PDB files, one each for ligand-L and B-DNA. The
system topology of separated PDB files was prepared individually in
two different steps. DNA topology was prepared considering ‘CHARM27
all-atom’ force field [53] and using the module ‘pdb2gmx’ of GRO-
MACS. The ligand topology was prepared over SwissParam server [54].
The solvated system had a net charge of —22.0. Therefore, 22 sodium
ions were added to neutralize the system. The neutralized, solvated
system was then minimized using the steepest descent method. After
energy minimization, position restraint dynamics, also known as equi-
libration run, was performed in two consecutive steps, NVT (Number of
particles, Volume and Temperature) equilibration and NPT (Number of
particles, Pressure and Temperature) equilibration. Soon after the
system was equilibrated, a 20 ns (ns) long production simulation (MD
run) was started with a 2 fs (fs) time step at a pressure of 1 bar, and a
temperature of 300 K, to confirm stability of the given system. The in-
teraction energy and intermolecular hydrogen bonds of the system were
calculated using the modules ‘gmx energy’ and ‘gmx hbond’, respec-
tively. The trajectories of simulations were plotted using Gnuplot (v4.6)
(http://sourceforge.net/projects/gnuplot).

2.20. Statistical analysis

Experimental values were expressed as mean *+ SEM of three in-
dependent experiments. Data was analysed by one way- analysis of
variance (ANOVA) using GraphPad Prism 5.01 (California, USA) to
examine statistically significant differences. P-values < 0.05 were
considered statistically significant.
3. Results
3.1. Chemistry

The synthetic pathway for the preparation of ligand-L has been
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Fig. 5. Percent cell viability of treated C33A cervical cancer cells measured by MTT assay. (A) Effect of increasing concentrations of ligand-L on cell viability of C33A
cervical cancer cell line and determination of ICsq value of ligand-L for 24 h. Values expressed as mean + SEM of three independent experiments. *P < 0.05 with
respect to control group. (B) Effect of copper chelator neocuproine and ROS scavenger NAC on ligand-L induced cell growth inhibition in C33A cervical cancer cells
for 24 h and analysed by MTT assay. (1) Control (2) ligand-L (5 uM) (3) ligand-L (5 uM) + Neocuproine (50 uM) (membrane permeable Cu(II) chelator) (4) ligand-L
(5uM) + NAC (1 mM) treatment. Values expressed as mean + SEM of three independent experiments. *P < 0.05 with respect to control group and P < 0.05 with

respect to 5 pM ligand-L treated cells.
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depicted in “scheme 1” (Fig. 1). The compound was obtained in ex-
cellent yield (86%) with high degree of purity. The structure of ligand-L
was established on the basis of IR, 'H NMR, '*C NMR, ESI-MS and
elemental analysis. The characterisation studies have been in good
corroboration with the expected structural framework of ligand-L. IR
spectrum of ligand-L displayed characteristic signals at 3333.50 cm ™!
and 1688.40 cm ™! due to the presence of —-NH (tetrazole ring) and C=
O group, respectively, while the bands at 1654.43 cm ™! and 1368 cm ™!
were ascribed to C=N and C—N, respectively (Supplementary Fig. S1).
In 'H NMR spectral analysis, ligand-L exhibited singlet (D,O ex-
changeable) at § 9.8 ppm assigned to —NH of amide group and singlet
at § 8.21 ppm indicates proton of tetrazole ring (Supplementary Fig.
S2). A singlet peak resonating at § 2.26 ppm corresponding to two
protons, has been attributed to methylene protons (—CH,) of —COCH,,
group, whereas a singlet at § 2.51 ppm assigned to —OCOCH; group
(signal for pregnenolone moiety) (Supplementary Fig. $2). In **C NMR
spectral study, the absorption bands resonating at around § 171.87, &
165.62 and § 154.71 correspond to acetoxy (pregnenolone moiety),
—CONH and C=N groups, respectively (Supplementary Fig. S3). These
data confirmed the presence of hydrazone tetrazole-ring system in li-
gand-L. The mass spectral analysis was also found to be in good con-
formity with the proposed structure.
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3.2. Formation of complexes involving ct-DNA/Cu(Il) with ligand-L

Interaction of ligand-L with ct-DNA and Cu(Il) was analyzed by
UV-Vis spectroscopy. Fig. 2A shows the effect of addition of increasing
concentration of ct-DNA to absorption spectra of ligand-L. On addition
of increasing concentrations of ct-DNA, hyperchromism was observed
in a dose-dependent manner with no significant shift in the position of
absorbance maximum peak of ligand-L. Similarly, absorption spectra of
ligand-L exhibited hyperchromism on addition of increasing Cu(II)
concentrations (Fig. 2B). These results confirm the binding of ligand-L
to ct-DNA and Cu(Il) ions.

Steady state fluorescence spectroscopy was also used to detect the
interaction of ligand-L to ct-DNA and Cu(lI) ions. Fig. 3A and B shows
the effect of addition of increasing concentration of ct-DNA and Cu(II)
ions on the fluorescence emission spectra of ligand-L excited at 265 nm.
On addition of ct-DNA and Cu(Il) to ligand-L solution, increase in
fluorescence was observed with no significant shift in A, emission of
ligand-L. The increase in fluorescence intensity (hyperchromism), thus,
confirmed the binding of ligand-L to ct-DNA and Cu(Il) ions. To further
understand the interaction of ligand-L with DNA and Cu(Il) ions,
binding constant (Ky,) was obtained from Stern-Volmer equation:

Fo/ F=1 + Ky [Q] @

where F, and F are the fluorescence intensities in the absence and
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Fig. 6. Detection of ROS generation. (A) Bar graph representation of data from DCFH-DA assay on treated C33A cervical cancer cells. (1) Control (2) ligand-L (5 uM)
(3) ligand-L (5 uM) + Neocuproine (50 uM) (membrane permeable Cu(Il) chelator) (4) ligand-L (5 uM) + NAC (1 mM) treatment. Values are expressed as percentage
of fluorescent intensity relative to the control. Values are expressed as mean + SEM of three independent experiments. *P < 0.05 with respect to control group and
#P < 0.05 with respect to 5 uM ligand-L treated cells. All incubations were carried out for 24 h at 37 °C. (B) Bar graph representation of data from DHE assay on
treated C33A cervical cancer cells. (1) Control (2) ligand-L (5 uM) (3) ligand-L (5 pM) + Neocuproine (50 uM) (membrane permeable Cu(Il) chelator) (4) ligand-L
(5uM) + NAC (1 mM) treatment. Values are expressed as percentage of fluorescent intensity relative to the control. Values are expressed as mean + SEM of three
independent experiments. *P < 0.05 with respect to control group and #P < 0.05 with respect to 5 uM ligand-L treated cells. All incubations were carried out for
24 h at 37 °C. (C) Bar graph representation of data from hydroxyl radical assay using ct-DNA as substrate. (1) Control (2) ligand-L (5 uM) (3) ligand-L (5 uM) + Cu(I)
(10 uM) (4) ligand-L (5 uM) + Cu(I) (10 uM) + Neocuproine (50 uM) (5) ligand-L (5 uM) + Cu(II) (10 pM) + thiourea (0.65 mM). All incubations were carried out
for 2h at 37 °C. Values are expressed as mean + SEM of three independent experiments. *P < 0.05 with respect to control group and #P < 0.05 with respect to
5 uM ligand-L + 10 uM Cu(Il) treated set.
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presence of ctDNA or Cu(ll) ions, respectively and [Q] is the con-
centration of ctDNA or Cu(Il) ions in the solution. The binding constant
(Ksy) was determined by plotting the ratio of fluorescence intensity (F/
Fy) in the presence and absence of ctDNA or Cu(Il) ions as a function of
increasing concentrations of DNA or Cu(Il) ions. Ky, values were cal-
culated from the slope of Fig. 3C and D and found to be 7.4 x 10> M ™!
and 8.8 x 10> M~ ! for ctDNA and Cu(ll) ions, respectively.

3.3. Ligand-L induces Cu(II) to Cu(I) conversion

Reduction of Cu(Il) to Cu(l) by ligand-L was detected using bath-
ocuproine, which binds specifically to the reduced form of copper, Cu
(). Bathocuproine-Cu(I) complex gives a maximum absorbance at
480 nm. As evident from Fig. 4, ligand-L + Cu(II) react to form Cu(l),
which forms a complex with bathocuproine and gives absorbance
maxima at 480 nm. Whereas bathocuproine-Cu(Il) and bathocuproine-
ligand-L solutions exhibit no characteristic peaks at 480 nm, suggesting
ligand-L can cause redox cycling of copper ions.

3.4. Insilico study of ADME/T prediction

For a compound to be orally active (drug-likeness), it should follow
Lipinski ‘Rule of five’ which includes the following parameters: (1)
Mass < 500; (2) Octanol-water partition coefficient (logP) < 5; (3)
Rotatable bonds < 10; (4) Polar surface area < 150 10\2; (5) Hydrogen
bond acceptors < 10; (6) Hydrogen bond donors < 10. Ligand-L under
investigation follows all the parameters under ‘Rule of five’ (no viola-
tions) calculated via molinspiration and chemicalize.org servers, and
revealed higher tendency of ligand-L towards drug-likeness (Supple-
mentary Table S1).

<
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3.5. Toxicity analysis of ligand-L on C33A cells and lymphocytes

To measure the cytotoxic potential of ligand-L against cervical C33A
cells, MTT assay was performed. Treatment with ligand-L inhibited
viability of C33A cells in a dose-dependent manner with ICs, value of
5.0 = 1.8uM (Fig. 5A). Using the observed ICsqo value (5.0 uM) of li-
gand-L, MTT assay was also performed in the presence of neocuproine
and NAC (Fig. 5B). Neocuproine, a membrane permeant copper che-
lator significantly inhibited cellular toxicity of ligand-L (Fig. 5B). On
the other hand, NAC (ROS scavenger) suppressed the ligand-L effect on
C33A cells (Fig. 5B). These results indicated that ligand-L engages in
redox cycling of Cu(Il) which in turn generate ROS and induce cell
death in C33A cells. In addition, toxicity of ligand-L was also checked
on human lymphocytes via MTT and Annexin-V FITC/PI assays. Results
revealed that ligand-L at concentrations 25-100 uM did not affect the
cell viability of treated lymphocytes (Supplementary Fig. S4). Similarly,
increasing concentrations of ligand-L (25-100 uM) resulted in no sig-
nificant apoptosis (% total annexin positive cells) as compared to con-
trol lymphocytes (Supplementary Table S2). These results suggest that
ligand-L exhibits no significant toxicity at the tested concentrations on
human lymphocytes.

3.6. Ligand-L induces intracellular ROS generation

ROS generation was assessed after ligand-L treatment in cervical
cancer C33A cells. To detect ROS generation, treated C33A cells were
incubated with DCFH-DA, which is an indicator of cellular hydrogen
peroxide production. Quantitative ROS (hydrogen peroxide) measure-
ment via multi-plate reader showed that ligand-L (at ICso concentra-
tion) elevates ROS production significantly, i.e. 2.05-fold increase as
compared to control (Fig. 6A). Further, ROS (hydrogen peroxide)
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Fig. 7. Ligand-L induces apoptosis in C33A cervical cancer cells analysed via Annexin-V/PI assay. (A) Flow cytometry analysis of treated C33A cervical cancer cells.
(1) Control (2) ligand-L (5 uM) (3) ligand-L (5 uM) + Neocuproine (50 uM) (membrane permeable Cu(Il) chelator) (4) ligand-L (5 uM) + NAC (1 mM) treatment.
Representative figures showing population of viable (annexin V- PI-), early apoptotic (annexin V + PI-) and late apoptosis (annexin V + PI + ) cells. (B) Bar graph
showing % population of Annexin V + cells after different treatments. Sets (1)-(4) correspond to the treatments mentioned above. Values are expressed as
mean * SEM of three independent experiments. *P < 0.05 with respect to control group and #P < 0.05 with respect to 5 uM ligand-L treated cells. All incubations

were carried out for 24 h at 37 °C.
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Fig. 8. Cell cycle arrest analysis of ligand-L treated C33A cervical cancer cells. (A) Flow cytometry analysis of treated C33A cervical cancer cells. (1) Control (2)
ligand-L (5 pM) (3) ligand-L (5 pM) + Neocuproine (50 uM) (membrane permeable Cu(Il) chelator) (4) ligand-L (5 pM) + NAC (1 mM) treatment. Representative
figures of cell cycle distribution (G1, S, and G2-M) showing accumulation of ligand-L treated cells in G1 stage. (B) Bar graph representation showing percentage of
cells in different cell phases after different treatments. Sets (1)-(4) correspond to the treatments mentioned above. Values are expressed as mean + SEM of three
independent experiments. All incubations were carried out for 24 h at 37 °C.

generation was abrogated both by neocuproine and NAC (Fig. 6A). reacts minimally to H,O, [55]. Superoxide production was elevated
To evaluate superoxide anion (O5”) generation, cells were incubated 1.84-fold as compared to control in ligand-L treated cells (at ICsq con-
with a fluorescent probe DHE which is specific to superoxide anion and centration) (Fig. 6B) and was suppressed on addition of NAC and

N

@ |

10° 7 59.2

(B)

FL2-H

~~
(=
N
1 |.lA |DIUI
=
N
Red/Green fluorescence
intensity ratio
e & & w & w
o -
« IS
~ HlE -

h 4

FL1-H

Fig. 9. Ligand-L induces changes in the mitochondrial membrane potential. (A) Flow cytometry analysis of treated C33A cervical cancer cells. (1) Control (2) ligand-L
(5 uM) (3) ligand-L (5 uM) + Neocuproine (50 uM) (membrane permeable Cu(Il) chelator) (4) ligand-L (5 uM) + NAC (1 mM) treatment. Representative dot plots
showing the loss of mitochondrial membrane potential assessed from monomeric (green fluorescence indicated by FL1-H) and aggregate (red fluorescence indicated
by FL2-H) forms of JC-1 fluorescence by flow cytometry. (B) Bar graph representation showing red/green fluorescence intensity ratio after different treatments. Sets
(1)-(4) correspond to the treatments mentioned above. Values are expressed as mean + SEM of three independent experiments. *P < 0.05 with respect to control
group and #P < 0.05 with respect to 5 uM ligand-L treated cells. All incubations were carried out for 24 h at 37 °C.
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neocuproine (Fig. 6B). Based on the above observations, the results
suggest that ligand-L induces ROS generation through its ability to in-
teract with cellular copper ions. Therefore, we predict that ligand-L is
involved in redox cycling of Cu(Il) that increases the intracellular ROS
levels.

Fig. 6C demonstrates the results of hydroxyl radical production by
ligand-L in the absence and presence of Cu(ll) ions. Ligand-L alone (at
ICso concentration) did not produce any significant hydroxyl radicals
(Fig. 6C). However, in the presence of Cu(II) significant hydroxyl ra-
dical production was observed and the hydroxyl radical generation was
suppressed on addition of thiourea and neocuproine (Fig. 6C).

3.7. Apoptosis induction in C33A cells by ligand-L

Apoptosis in treated C33A cells was quantified by FACS analysis
after staining with Annexin V-FITC and propidium iodide (PI). Dot plot
results showed that most of the control (untreated) cells were negative
for both Annexin V and PI (annexin V- PI-) (> 90%), thereby indicating
no cell damage and also no disruption of cell membrane (Fig. 7). Ex-
posure of C33A cells to ligand-L resulted in significant increase in
percentage of early apoptotic cells from 3.13% in untreated group to
48.9% in ligand-L exposed cells. A similar pattern was observed in late
apoptotic cells as well; the percentage of Annexin V + PI + cells was
concomitantly increased from 0.76% in untreated cells to 5.97% in li-
gand-L treated cells. Incubation with membrane permeant copper
chelator neocuproine strongly reduced the percentage of cells in early
(reduced to 20.2%) and late (reduced to 1.96%) apoptosis. It was also
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observed that free radical scavengers NAC significantly reduced apop-
tosis in ligand-L treated cells.

3.8. Effect of ligand-L on cell cycle arrest

In order to determine whether ligand-L can affect cell cycle pro-
gression, propidium iodide based FACS analysis was performed to
analyze the percentage of GO/G1, S and G2/M cell population in treated
C33A cells (Fig. 8). C33A cells treated with ICsy concentration showed
an increase in GO/G1 cell population (76.8%) compared with 57.1% in
the control. This increase in the GO/G1 phase cell population was ac-
companied by concomitant decrease in G2/M phase of the cell cycle
from control (30.0%) to treated C33A cells (11.3%). These results in-
dicate that ligand-L induced cell cycle arrest at the GO/G1 phase. Fur-
ther, in a different set of experiment, cell cycle arrest was suppressed
significantly both by neocuproine and NAC. This suggests that inter-
action of ligand-L with copper and ROS generation play a central role in
cell cycle arrest.

3.9. Ligand-L induces changes in the mitochondrial membrane potential

A¥m

To explore the effect of ligand-L on mitochondrial membrane po-
tential, C33A cells were incubated with ICsy concentration of ligand-L
for 24h and JC-1 assay was performed. Representative dot plots for
FL2-H indicates red fluorescence (indicator of intact membrane po-
tential) and FL1-H indicates green fluorescence (indicator of loss of
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Fig. 10. (A) Morphological assessment of control and ligand-L treated C33A cervical cancer cells. Panel 1: Control cells. Panel 2: Ligand-L (5 uM). Panel 3: Ligand-L
(5uM) + Neocuproine (50 uM) (membrane permeable Cu(Il) chelator). Panel 4: Ligand-L (5 uM) + NAC (1 mM) treatment. (B) DAPI staining for apoptosis analysis
by ligand-L treatment. Panel 1: Control cells. Panel 2: Ligand-L (5 uM). Panel 3: Ligand-L (5 uM) + Neocuproine (50 uM) (membrane permeable Cu(II) chelator).
Panel 4: Ligand-L (5 uM) + NAC (1 mM) treatment. Arrows in Panel 2 represent DNA fragmentation. (C) Clonogenic assay was performed to investigate the effect of
ligand-L treatment on clone forming ability of C33A cells. (1): Control cells. (2): Ligand-L (5 uM). (3): Ligand-L (5 uM) + Neocuproine (50 uM) (membrane permeable
Cu(II) chelator). (4): Ligand-L (5 pM) + NAC (1 mM) treatment. All incubations were carried out for 24 h at 37 °C.
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mitochondria membrane potential) as shown in Fig. 9. Results showed
that untreated cells exhibited largely red fluorescence indicating intact
mitochondrial membrane potential (Fig. 9, Panel 1). However, on ad-
dition of ligand-L, there is an increase in number of cells showing green
fluorescence (Fig. 9, Panel 2). This clearly shows that ligand-L disrupts
mitochondrial membrane potential, indicating its potent apoptotic ac-
tivity. Incubation of C33A cells with neocuproine largely decreases the
disruption of mitochondrial membrane potential (Fig. 9, Panel 3). Si-
milarly, the presence of free radical scavenger (NAC) also resulted in
maintaining the membrane potential (Fig. 9, Panel 4). These results
suggest that interaction of ligand-L with copper and ROS generation are
involved in inducing changes in mitochondrial membrane potential.

3.10. Morphological assessment and nuclear changes of Ligand-L C33A
treated cells

Ligand-L induces morphological changes in C33A cells as shown in
Fig. 10A. Upon treatment with ligand-L at ICso concentration for 24 h,
C33A cells resulted in cell shrinkage, formation of apoptotic bodies and
reduction in anchorage from surface (Fig. 10A, Panel 2). All these ef-
fects were suppressed by neocuproine and NAC (Fig. 10A, Panels 3 and
EOR

To further investigate apoptosis induction via ligand-L, nuclear
morphology of treated cells was examined using DAPI staining.
Apoptotic cells are characterised by chromatin condensation and DNA
fragmentation [56]. In untreated cells, the nucleus was round without
condensation or fragmentation (Fig. 10B, Panel 1). Like in apoptotic
cells, treatment with ligand-L resulted in maximum DNA fragmentation
(Fig. 10B, Panel 2). Chelation of copper ions by neocuproine inhibits
DNA fragmentation and largely reverses the nucleus morphology to
untreated control cells (Fig. 10B, Panel 3). Free radical scavengers
(NACQ) significantly inhibited DNA fragmentation thereby implicating
the role of ROS in ligand-L induced apoptosis in C33A cells (Fig. 10B,
Panel 4).

3.11. Ligand-L reduces clonogenic potential of C33A cells

Incubation with ligand-L at ICsy concentration greatly reduces the
colony-forming ability of C33A cells as compared to control group
(Fig. 10C). On the other hand, incubation with neocuproine and NAC
did not result in the reduction of colony-forming ability of C33A cells as
shown in Fig. 10C. These results suggest redox cycling of copper by
ligand-L to generate ROS involved in reducing the clonogenic potential
of C33A cells.

3.12. Effect of ligand-L on p53, p21, caspases, pro-apoptotic and anti-
apoptotic molecules

To follow up the molecular mechanism by which ligand-L induces
apoptosis, we studied the levels of proteins involved in apoptosis.
Results showed that exposure of C33A cells to ligand-L up-regulated the
expression of Bax (pro-apoptotic protein), whereas expression of Bcl-2
(anti-apoptotic protein) was down-regulated (Fig. 11). Both these ef-
fects were completely reversed (down-regulation of Bax and up-reg-
ulation of Bcl-2) in the presence of neocuproine and NAC (Fig. 11).
Western blot analysis revealed that p53 expression was elevated after
ligand-L treatment and suppressed in the presence of neocuproine and
NAC (Fig. 11). Our results also revealed that protein levels of p21 were
increased on treatment with ligand-L, whereas neocuproine and NAC
reduces the expression of p21 in ligand-L treated C33A cells (Fig. 11).

To study the effect of ligand-L on cell cycle checkpoints, western
blot analysis was performed on CDK2 and cyclin-E (G1/S transition
dependent proteins). Treatment with ligand-L at ICso concentration
drastically reduces the expression of CDK2 and cyclin-E in C33A cells
(Fig. 11). Interestingly, CDK2 and cyclin-E expression was up-regulated
again in the presence of neocuproine and NAC (Fig. 11).
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Fig. 11. Western blot showing the expression levels of cleaved caspases 3/9,
Bax (pro-apoptotic), Bcl-2 (anti-apoptotic), cyclin E and CDK2 in C33A cervical
cancer cells treated with ligand-L. (1) Control cells (2) ligand-L (5 uM) (3) li-
gand-L (5 uM) + Neocuproine (50 uM) (membrane permeable Cu(II) chelator)
(4) ligand-L (5puM) + NAC (1 mM) treatment. B-actin was used as a loading
control.

Further, C33A cells induce the activation of caspases 3 and 9 after
the treatment of ligand-L (Fig. 11). These results are consistent with
mitochondrial membrane depolarisation (Fig. 9). As expected, the
presence of neocuproine and NAC abolished the activation of caspases
—3 and —9 in C33A cells (Fig. 11). Altogether, our results suggest that
apoptosis-inducing effects of ligand-L in cervical cancer cells involve
redox cycling of copper ions to generate ROS which leads to DNA
fragmentation and apoptosis.

3.13. Molecular docking and MD simulation analyses

Details of molecular docking and clustering summary of each stage
are summarized in Table 1. Docking studies confirmed that ligand-L
preferably binds in the groove region of B-DNA and most part of ligand-
L is present in the minor groove of B-DNA (Fig. 12A). However, tetra-
zole ring of ligand-L reaches to major groove region also and forms two
hydrogen bonds with B-DNA. In total, ligand-L forms three hydrogen
bonds with B-DNA (Fig. 12B) with binding energy —12.78 kcal/mol

Table 1
Molecular docking and clustering summary of ligand-.-DNA complex.

Parameters Stage one Stage two docking
docking
Number of clusters formed 44 7
Population of maximum populated 19 75
cluster”
Binding energy (kcal/mol)” -12.02 -12.78
Inhibition constant” 1.55nM 428.22 pM

& Out of 100 GA runs.
> Best pose from the maximum populated cluster.
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Fig. 12. (A) Preferred binding site of ligand-L on B-DNA analysed by molecular docking. Ligand-L binds in the groove region of the B-DNA.
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Fig. 13. Stability evaluation of docked ligand-.-DNA complex via MD simulations. (A) Interaction energy plot for 20 ns MD simulation of ligand-L with B-DNA. (B)
Stability evaluation of ligand-.-DNA docked complex using hydrogen bonding pattern as a function of time.

and inhibition constant 428.22 pM. Ligplot revealed all the hydro-
phobic contacts and hydrogen bonds between the ligand-L and B-DNA
(Fig. 12C). More negative interaction energy (> —10.0kcal mol™')
and lower inhibition constant (in pM) supports strong binding of ligand-
L with B-DNA.

Further, MD simulation was performed to estimate the stability of
the ligand-1-DNA docked complex. Interaction energy plot clearly il-
lustrates overall stability of the complex till the end of MD run with an
average energy —80kJ/mol (Fig. 13A). The variation in interaction
energy was found to be insignificant and was more stable from 4.5 ns to
20 ns. There was a slight fluctuation for 1 ns (from 3.5 ns to 4.5 ns), and
this corresponds to the dissociation of ligand-L from the binding site of
B-DNA. After 4.5 ns, the association between ligand-L and B-DNA was
established again till the end of 20 ns long simulation. Corresponding
changes were also noticed from the plot illustrating number of hy-
drogen bonds between Ligand-L and B-DNA (Fig. 13B). The hydrogen
interaction number reaches five and for most of the time remains three
or four in number. This illustration of greater hydrogen interaction
numbers further confirms the greater stability of the ligand-L with B-
DNA.

4. Discussion

Efficacy of chemotherapy is mainly limited due to side effects and
drug resistance. Therefore, it is imperative to explore and synthesize
effective anticancer compounds with lesser toxicity. Since steroid-based
chemotherapeutic drugs possess higher bioavailability, non-toxic
nature and less multi-drug resistance [18], therefore steroid-based de-
rivatives with significant chemopreventive and therapeutic efficacy
should be developed against malignancies. In this work, pregnenolone
acetate-based tetrazole derivative (ligand-L) was synthesized against
human cervical cancer C33A cells. Our study demonstrates that ligand-
L inhibited cell viability of C33A cells in a dose-dependent manner.
Ligand-L treated C33A cells exhibited cell shrinkage, formation of
apoptotic bodies and reduction in anchorage from surface. Ligand-L
induced apoptosis of C33A cells was demonstrated by Annexin V-FITC/
PI staining, DNA fragmentation and caspase 9/3 activation.

Our study has also demonstrated that ligand-L treated C33A cells
are associated with up-regulation of Bax and down-regulation of Bcl-2,
leading to an increase in the ratio of Bax/Bcl-2. This increase in Bax/
Bcl-2 ratio plays a crucial role in mitochondrial-mediated apoptosis
[57]. Pro-apoptotic protein Bax translocates to the mitochondria and
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Ligand-L

(1)2HO* —— H,0,
(2) Cu* + HO® —— Cu®* + HO’

(3) Cu?* + H,0, — Cu® + HOO*+H"
(4) HOO* + OH® —— 0," + H,0
(5)0," + H,0 —— H,0,

(6) Cu* + H,0, —— Cu?* + HO*+OH_

Fig. 14. Putative reaction mechanism of Cu(II)-ligand-L interaction. Production
of hydroxyl radicals, superoxide anions and hydrogen peroxide via Cu(II)-li-
gand-L interaction leads to DNA damage and apoptosis.

integrates into the outer mitochondrial membrane, thereby promotes
the disruption of mitochondrial membrane permeability (Ay,,) and
ultimately caspase 3 activation [58]. As evident from the results, loss of
Ay, was observed in C33A cells treated with ligand-L. Taken together,
these results suggest that mitochondrial-mediated apoptotic pathway is
involved in ligand-L induced C33A cell death.

Increased ROS production leads to DNA damage, thereby causing
damaged cells to enter cell cycle arrest to facilitate DNA repair or in-
duce apoptosis in excessively damaged cells [59]. Excessive DNA
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damage can activate p53 which either directs the cell to cell cycle arrest
at G1/S via cyclin-dependent kinase (CDK) inhibitor p21 or promotes
mitochondrial apoptosis by activating Bax protein [60,61]. Our results
show that the expression of p53 was up-regulated in ligand-L treated
cells. This is in agreement with the results of over-expression of Bax
which is directly activated by p53 to initiate mitochondrial-mediated
apoptosis. In addition, it was also found that there was an increase of
p21 expression in ligand-L treated cells. Cell cycle analysis showed that
ligand-L causes cell cycle arrest at G1/S phase via p21 inhibitor, in-
dicating that cell cycle arrest by ligand-L is regulated by p53.

Compared to normal cells, cancer cells contain elevated copper le-
vels, therefore, we hypothesize that hydrazone tetrazole-ring system of
ligand-L would interact preferentially with Cu(II) ions and generate
ROS via Fenton-like reactions [62,63]. As evident from results, addition
of neocuproine and NAC (ROS scavenger) significantly suppressed li-
gand-L mediated DNA damage and consequent apoptosis in C33A cells.
These results strongly suggest that chromatin-bound copper ions in all
probability act as molecular target for ligand-L to propagate redox cy-
cling leading to ROS generation. Thus, ROS generation via ligand-L and
Cu(Il) ions interaction leads to extensive DNA damage which in turn
activate p53 protein necessary for mitochondrial-mediated apoptosis or
cell cycle arrest in C33A cells.

Furthermore, we propose a putative reaction mechanism to explain
the pro-oxidant effect of ligand-L on interaction with DNA-bound Cu(II)
(Fig. 14). The -NH of hydrazone group of ligand-L donates an electron
to Cu(Il) to convert it into Cu(I). Later, homolytic cleavage of C=N
followed by autolysis of water leads to the formation of hydroxyl ra-
dicals. Hydroxyl radicals thus formed may combine with each other to
form hydrogen peroxide. Hydrogen peroxide may further react with Cu
(II) to form superoxide anion (via hydroperoxyl radical) and Cu(Il) is
reduced back to Cu(I). Superoxide anion may also react with water to
form more hydrogen peroxide. Cu(I) may further react with hydrogen
peroxide to form more hydroxyl radicals and Cu(I) is again converted to
Cu(ID), thereby continuing the redox cycle. Since intracellular copper is
chromatin-bound, ligand-L can interact with bound copper ions to form
free radicals in close proximity of DNA that causes oxidative DNA da-
mage. It has also not escaped our notice that hydroxyl radicals which
are most electrophilic with high reactivity and hence most damaging to
DNA are also generated in the Cu(II)-ligand-L reaction. This observation
was established experimentally using ‘OH radical assay on ligand-L
treatment in the presence of Cu(Il) ions.

Generation of oxygen radicals in close proximity of DNA leads to
strand scission [64-66]. Such a pro-oxidant activity of ligands is pre-
ceded by their association with DNA, followed by the formation of free
radicals at that site [67]. Therefore, ligand-L in all probability should
interact with chromatin-bound Cu(II) and DNA to form Cu(II)-DNA-li-
gand-L ternary complex to mediate the process of free radical genera-
tion. Further, it is important to note that among the oxygen radicals; the
hydroxyl radical is the most electrophilic with high reactivity and
therefore possesses a small diffusion radius. Therefore, ligand-L should
interact strongly and have a prolonged residence time in the binding
cavity of DNA to facilitate its strong association with DNA and Cu(II)
ions to mediate ROS generation. Based on the results of MD simulation,
we predict that ligand-L may act as a better lead molecule as it strongly
interacts (3 or 4H-bonding) with the DNA molecule and hence will
participate in redox cycling of Cu(Il) ions to generate oxygen radicals in
the proximity of DNA.

In summary, the present results show that ligand-L and Cu(ll) in-
teraction leads to selective cytotoxic action against cervical cancer cells
and the cell death is due to redox cycling of copper and generation of
intracellular ROS. Since cancer cells have significant accumulation of
copper than normal cells, this endows ligand-L with an attractive an-
titumor activity with its selectivity towards malignancies. Thus, we
propose copper dependent, ROS-mediated mechanism for the cytotoxic
action of ligand-L in malignant cells. We expect that our study would be
useful in establishing ligand-L as a lead molecule to synthesize new
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anticancer drugs with better copper chelating and pro-oxidant proper-

ties.
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