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Abstract

New steroidal imidazolidine derivatives (7-9) were synthesized by reacting steroidal thiosemicarbazones (4-6)
with ethyl-2-chloroacetate in absolute ethanol. After characterization by spectral and analytical data, the interaction
studies of compounds (7-9) with DNA were carried out by UV-vis, luminescence spectroscopy, circular dichroism and
gel electrophoresis. The compounds bind to DNA preferentially through electrostatic and hydrophobic interactions
with Kb; 2.07 x 104 M, 2.1 x 104 M~ and 1.9 x 104 M-, respectively indicating the higher binding affinity of
compound 8 towards DNA. Gel electrophoresis demonstrated that the compound 8 show strong interaction with
DNA and during its cleavage activity with pBR322 DNA, it seems to follow the mechanistic pathway, involving singlet
oxygen and superoxide anion to generate ROS responsible for initiating DNA strand scission. The docking study
suggested the intercalation of imidazolidine moiety of steroid derivative in minor groove of DNA. In MTT assay,
compounds 7-9 revealed potential toxicity against different human cancer cells especially compound 8 against A549
cells. Genotoxicity of compounds (7-9) was checked by comet assay. In western blotting, the expressions of relevant

apoptotic markers depicted an apoptosis by steroidal imidazolidines in A549 cells.
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Introduction

Synthetic chemistry has gained enormous popularity for its
important role in drug discovery over the last few decades. A number of
natural products, their semi synthetic analogs and other small molecules
have been discovered and screened for their role in the treatment of
various diseases such as cancer, diabetes, microbial infections and
cardiovascular diseases [1]. However because of the drug tolerance
problems, there is always scope for the design and development of new
and modified analogs as more efficient drug candidates. This has been
done through the rational design and synthesis of receptor based lead
molecules which still remains an open area. Natural products have
extensively been used as starting tools for the design and synthesis of
lead therapeutic scaffolds. Substituted imidazolidine derivatives, an
important class of heterocyclic compounds are central substructures
of many compounds exhibiting biological and pharmacological
properties [2,3]. They exhibit a wide range of biological activities such
as nitric-oxide synthase inhibition, anti-inflammatory, anti-parasitic,
antimicrobial, analgesic, a-adrenergic receptor agonist, hypoglycemic,
anticonvulsant and potential cyclooxygenase-2 (COX-2) inhibition [4-12].

In molecular biology and drug development, the nucleic acid
cleaving agents have attracted extensive attention due to their potential
applications [13]. The phosphodiester bonds of DNA are extremely
stable and the half-life of DNA for hydrolysis is estimated to be around
200 million years under uncatalyzed physiological conditions [14].
Metal complexes have been widely investigated as cleaving agents of
nucleic acids and are found to be reasonably efficient [15], but their
use in pharmacy is restricted because of serious issues over the liability
and toxicity produced due to free radical generation of some transition
metals during the redox processes [16]. To overcome these limitations
of liability and toxicity, Scheffer and co-workers [17] put forward the
concept of ‘metal-free cleaving agents’ which are being applied to active
phosphodiesters like ‘nucleic acid mimic’ and RNA. In continuation

of our previous work [18] herein, we report the synthesis of new
steroidal imidazolidines as metal free DNA binding agents. In order to
validate the specific binding mode of the new compounds, a computer
aided molecular docking study was carried out. Furthermore, these
compounds have also been screened for in vitro cytotoxicity as well as
genotoxicity.

Experimental
Material and methods

Chemicals were purchased from Merck and Sigma-Aldrich as
‘synthesis grade’. Melting points are recorded in degrees Celsius on
a Kofler apparatus. The IR spectra were recorded on KBr pellets with
Pye Unicam SP3-100 Spectrophotometer and values are given in cm™.
1H and “C NMR spectra were run in CDCI, on a JEOL Eclipse (400
MHz) instrument with TMS as internal standard and values are given
in ppm (8). Mass spectra were recorded on a JEOL SX 102/DA-6000
Mass Spectrometer. 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 sulphate
(anhydrous) was used as a drying agent. Super coiled pBR322 DNA
was purchased from GeNei (India) while as double-stranded calf
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thymus DNA, purchased from Sigma, was dissolved in a 0.1M Tris-
buffer. The purity of DNA was verified by monitoring the ratio of
absorbance at 260 nm to that at 280 nm, which was in the range 1.8-1.9.
The concentration of the DNA was determined spectrophotometrically
using €, = 6600 M~ cm™ [19]. The human cancer cell lines used for
the test were A545, MCF-7, HeLa, HL-60, SW480, HepG2, HT-29
and A549 and were obtained from National Cancer Institute (NCI),
biological testing branch, Federick Research and Development Centre,
USA.

General method for the steroidal

thiosemicarbazones (4-6)

synthesis  of

The steroidal thiosemicarbazones (4-6) were synthesized by a
literature method [20] which involves the refluxing of an equimolar
solution of steroidal ketones (1-3) and thiosemicarbazide in ethanol in
the presence of few drops of HCl for 5 h. After cooling, the compounds
were filtered and recrystallized from methanol.

General method for the synthesis of 5'-acetyl-2'-
thioxoimidazolidin-4'-one-1-yl-6-amino-5a-cholestane
derivatives (7-9)

To a solution of steroidal thiosemicarbazone derivatives (4-6) (1.5
mmol) in absolute ethanol (20 mL), an equimolar amount of ethyl-2-
chloroacetoacetate was added. The reaction mixture was refluxed for
3 h. The progress and completion of the reaction was monitored by
TLC. After completion of reaction the excess solvent was removed
to three fourths of the original volume under reduced pressure. The
reaction mixture was then taken in diethyl ether, washed with water
and dried over anhydrous sodium sulfate. Evaporation of solvents and
recrystallization from methanol afforded respective products (7-9).

3p-Acetoxy [5'-acetyl-2'-thioxoimidazolidin-4'"-one-1-yl]-6-
amino-5a-cholestane (7)

White powder; yield: 75%. m.p. 143-145°C; Anal. Calcd for
C,H_N.OS: C, 6801, H, 8.86, N, 6.93 found: C, 68.08, H, 8.91, N,
7.0 IR (KBr) v em™ 3336 (NH), 1714 (OCOCH,), 1695 (C=0), 1674
(CONH), 1643 (C=N), 1273 (C=S), 1080 (C-O), 1025 (C-N); 'H
NMR (400 MHz, CDCI3, ppm): 8 8.2 (s, 1H, NH, exchangeable with
D,0), 443 (s, 1H, C.H), 47 (m, 1H, C,a-H, W% =15 Hz), 2.03 (s,
3H, OCOCH,), 1.18 (s, 3H, C,-CH,), 0.70 (s, 3H, C ,-CH,), 0.97 and
0.83 (other methyl protons). >C NMR (100 MHz, CDCL,, ppm): § 184,
173.2,171.6, 173.3, 155.3, 87.2, 70, 46, 44, 42, 39, 35, 26, 24, 22, 20, 19,
18; ESI MS: m/z 599 [M*.].

3p-Chloro [5'-acetyl-2'-thioxoimidazolidin-4'"-one-1-yl]-6-
amino-5a-cholestane (8)

White powder; yield: 80%. m.p. 132-134°C; Anal. Calcd for
C,H,CN,0,S: C, 66.57, H, 8.64, N, 7.17 found: C, 66.69, H, 8.75, N,
7.29; IR (KBr) v cm™: 3328 (NH), 1693 (C=0), 1672 (CONH), 1641
(C=N), 1269 (C=S), 1027 (C-N), 741 (C-Cl); '"H NMR (400 MHz,
CDCIL, ppm): 8 8.0 (s, 1H, NH, exchangeable with D,0), 4.41 (s, 1H,
C.H), 3.9 (m, 1H, C,a-H, W¥% = 17 Hz), 1.17 (s, 3H, C,-CH,), 0.71
(s, 3H, C ,-CH,), 0.98 and 0.80 (other methyl protons). *C NMR (100
MHz, CDCIB, ppm): § 185, 173.4, 171.2, 154.6, 84.2, 50, 46, 44, 42, 39,
35, 26, 24,22, 20, 19, 18; ESI MS: m/z 575/577 [M*.].

[5'-Acetyl-2'-thioxoimidazolidin-4'-one-1-yl]-6-amino-5a-
cholestane (9)

Yellow powder; yield: 78%. m.p. 127-129°C; Anal. Calcd for
C,H,N,0,S: C, 70.86, H, 9.40, N, 7.72 found: C, 70.93, H, 9.49, N,

327751

7.76; IR (KBr) v cm™: 3327 (NH), 1695 (C=0), 1671 (CONH), 1640
(C=N), 1267 (C=S), 1029 (C-N); 'H NMR (400 MHz, CDCI,, ppm): §
7.8 (s, 1H, NH, exchangeable with DZO), 4.42 (s, 1H, CS’H), 1.18 (s, 3H,
Cw—CH3), 0.73 (s, 3H, C13—CH3), 0.97 and 0.80 (other methyl protons);
BC NMR (100 MHz, CDC13, ppm): § 183,171.9, 170.2, 152.6, 87.2, 46,
44, 42, 39, 35, 26, 25, 24, 22, 20, 19, 18; ESI MS: m/z 541 [M*.].

DNA binding

Absorption and emission spectroscopy: The DNA binding
experiments of compounds were carried out by using absorption
titration and emission spectroscopy [21]. The UV-vis spectra for
DNA-steroid interactions were obtained using an Agilent 8453
spectrophotometer while as fluorescence measurements were carried
out with a JASCO spectrofluorimeter (FP 6200). Solutions of DNA
and steroid were scanned in a 1 cm quartz cuvette. To eliminate the
absorbance of the DNA while measuring the absorption spectra, an
equal amount of DNA was added to both the compound solution and
the reference solution.

Circular dichroism measurements: Circular dichroism
measurements were recorded on a JASCO (J-810) spectropolarimeter
by keeping the concentration of DNA constant (5x10° M) while varying
the steroid concentration (ri=[Compound] / [DNA] = ri=0.8, 0.13,
0.23). The optical chamber of the CD spectrometer was deoxygenated
with dry nitrogen before use and kept in a nitrogen atmosphere during
experiments. All observed CD spectra were corrected for the buffer
signal.

Cleavage activity

Cleavage experiments were performed with Axygen agarose for
electrophoresis connected to a Genei 50-500V power supply, visualized
and photographed by the Vilber-INFINITY gel documentation system
[22]. Cleavage experiments of supercoiled pBR322 DNA (300 mg) by
compound 8 (1.0-5.0 mM) in a 5 mM Tris-HCI/50 mM NaCl buffer
at pH 7.2 were carried out and the reaction followed by agarose gel
electrophoresis. The sample was incubated at 37°C for 1 h. A loading
buffer, containing 25% bromophenol blue, 0.25% xylene cyanol and
30% glycerol, was added and electrophoresis was carried out at 60 V for
1 hin a Tris-HCl buffer using a 1% agarose gel containing 1.0 mg/mL of
ethidium bromide. The reaction was also monitored upon addition of
various radical inhibitors and/or activators such as DMSO, tert-butyl
alcohol (TBA), sodium azide (NaN,), superoxide dismutase (SOD),
mercaptopropionic acid (MPA), glutathione (GSH), and H,O,.

Molecular docking

The rigid molecular docking studies were performed using HEX
6.1 software [23]. MGL tools 1.5.4 with AutoGrid4 and AutoDock4
were used to set up and exert blind docking calculations between the
compound and DNA sequence. The compound 8 was taken for the
following docking study. The crystal structure of the B-DNA dodecamer
d (CGCAAATTTCGC) 2 (PDB ID: 1BNA) was downloaded from the
protein data bank. All calculations were carried out on an Intel CORE
i5, 3.1 GHz based machine running MS Windows XP as the operating
system. First of all the heteroatoms including water molecules were
deleted. The DNA was enclosed in a box with number of grid points
in x x y x z directions, 76 x 78 x 120 and a grid spacing of 0.375 A.
Lamarckian genetic algorithms, as accomplished in AutoDock, were
employed to perform docking calculations. All other parameters
were default settings. For each of the docking cases, the lowest energy
docked conformation, according to the AutoDock scoring function,
was selected as the binding mode. All calculations were carried out on
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an Intel CORE i5, 3.1 GHz based machine running MS Windows XP as
the operating system. Visualization of the docked pose have been done
using PyMol molecular graphics program [24].

In vitro anticancer activity

Cell culture and conditions: Human cancer cell lines A545 (lung
carcinoma cells) / ATCC (CRL-2579), SW480 (colon adenocarcinoma
cells) / ATCC (CCL-228), HeLa (cervical cancer cells) / ATCC (CCL-2),
A549 (lung carcinoma cells) / ATCC (CCL-185), MCF?7 (breast cancer
cells) / ATCC (HTB-22), HepG2 (hepatic carcinoma cells) / ATCC
(CRL-8065), HT-29 (colon cancer cells) / ATCC (HTB-38) and HL-60
(Leukaemia cells) / ATCC (CCL-240) were taken for the study. SW480,
A549, HT-29, HL-60, A545 and HepG2 cells were grown in RPMI 1640
supplemented with 10% foetal bovine serum (FBS), 10U penicillin
and 100ug/mL streptomycin at 37°C with 5% CO, in a humidified
atmosphere. HeLa and MCF?7 cells were grown in Dulbecco’s modified
Eagle’s medium (DMEM) supplanted with FCS and antibiotics.

Cell viability assay (MTT): The MTT assay was carried out
according to known protocol [25]. Exponentially growing cells were
harvested and plated in 96-well plates at a concentration of 1x10*
cells/well. After 24 h incubation at 37°C under a humidified 5% CO,
to allow cell attachment, the cells in the wells were respectively treated
with target compounds, 5-Fluorouracil and Cisplatin at various
concentrations for 48 h. The concentration of DMSO was always kept
below 1.25 %, which was found to be non-toxic to the cells. A solution
of 3-(4,5-dimethylthiazol-2-y1)-2,5-diphenyltetrazolium bromide
(MTT), was prepared at 5 mg/mL in phosphate buffered saline (PBS;
1.5 mM KH,PO,, 6.5 mM Na HPO,, 137 mM NacCl, 2.7 mM KCI; pH
7.4). 20 pL of this solution was added to each well. After incubation
for 4 h at 37°C in a humidified incubator with 5% CO,, the medium/
MTT mixtures were removed, and the formazan crystals formed by the
mitochondrial dehydrogenase activity of vital cells were dissolved in
100 pl of DMSO per well. The absorbance of the wells was read with a
microplate reader (Bio-Rad Instruments) at 570 nm. Effects of the drug
cell viability were calculated using cell treated with DMSO as control.

Data analysis: Cell survival was calculated using the formula:
Survival (%) = [(absorbance of treated cells -absorbance of culture
medium) / (absorbance of untreated cells - absorbance of culture
medium)] x 100 [26]. The experiment was done in triplicate and the
inhibitory concentration (IC) values were calculated from a dose
response curve. IC, values were determined from the linear portion
of the curve by calculating the concentration of agent that reduced
absorbance in treated cells, compared to control cells, by 50%.

Comet assay

To assess the genotoxic effect of the steroidal imidazolidines, comet
assay [27] was performed in A549 cells. A549 (1x10°) cells were treated
with three different concentrations, 10, 15 and 25ug/mL of different
steroid imidazolidine derivatives for 24 h. The cells were then washed
and 200 pL of cell suspension in low melting Agarose (LMA) was
layered on to the labelled slides precoated with Agarose (1.5%). The
slides were placed on ice for 10 min and submerged in lysis buffer (2.5%
NaCl, 100 mM EDTA, 10 mM Tris, 10% DMSO and 1% Troton X-100)
at pH 10 at 4°C for more than 1 h. The slides were then equilibrated
in alkaline buffer (30 mM NaOH, 1 mM EDTA) at pH 13 at 4°C,
electrophoresed at 0.86 V/cm at 4°C, neutralized, washed and dried.
At the time of image capturing, the slides were stained with ethidium
bromide (EtBr, 150 uL 1X) and cover slips were placed over them. For
visualization of DNA-damage, EtBr stained slides were observed under

209 objectives of a fluorescent microscope (Olympus BX-51, Japan).
The images of 50-100 randomly selected cells were captured per slide
using a CCD camera.

Western blot analysis

MCEF cells were grown on 100 mm tissue culture discs at a density
of 1 x 10° cells per plate and incubated overnight. Then the cells were
exposed to compound 8 and 9 (0, 15 and 25 uM) for 48 h prior to
harvest. The cell lysate was prepared by using modified RIPA lysis
buffer (50 mM tris, 150 mM NaCl, 0.5 mM deoxycholate, 1% NP-40,
0.1% SDS, 1 mM Na, VO,, 5 mM EDTA, 1 mM PMSF, 2 mM DTT,
10 mM f-glycerophosphate, 50 mM NAF, 0.5% triton X-100, protease
inhibitor cocktail). Protein estimation was done by Bradford’s method.
Proteins were separated in 10% SDS-PAGE and transferred to PVDF
membrane. Membranes were blocked overnight in 10% skimmed milk
in 1 x TBS-T (Tris-buffered saline containing 0.05% of Tween-20) at
4°C and immunoblotted with antibodies anti-Bcl-XL, anti-Bax and
anti-PARP. Detection of signals was done using ECL Western blotting
reagent and chemiluminescence was exposed on Kodak X-Omat films.
Antibody anti-B-actin was used as loading control. All the antibodies
were procured from cell signalling technology, CA, USA.

Result and Discussion
Chemistry

The development of novel, potentially bioactive heterocyclic
molecules has lead lot of focus on the research in synthesis of steroidal
compounds in recent years, with the aim of obtaining new derivatives
that may be of value in designing potentially anticancer active and
DNA binding agents [28]. Hence we have envisioned the convenient
synthesis of steroidal imidazolidines (7-9) from corresponding
steroidal thiosemicarbazones (4-6) and ethyl-2-chloroacetoacetate
in absolute ethanol (Scheme 1) and simultaneously study their
DNA interaction behaviour and cytotoxicity. The synthesis of these
steroidal imidazolidines is simple and does not demand rigorously
dried solvents, reagents or inert atmosphere. The mechanism for
the formation of compounds (7-9) involve the nucleophilic attack
of the nitrogen of thiosemicarbazone on the carbonyl carbon of
ethyl-2-chloroacetoacetate, making the ethoxy group to leave, with a
simultaneous attack of another nitrogen on the chloro group of ethyl-
2-chloroacetoacetate, which leads to the formation of a imidazolidine
heterocyclic moiety with a steroid skeleton.

Thiosemicarbazide
X

EtOH | X S
o] —NH-C-NH, EtOH |
N=NH ﬁ NH, N_NJ(
4 WNH
o ©
X X X
OAc (1) OAc (4) OAc (7)
Cl (2) ClL (5) cl (8)
H (3) H (6) H (9)

Scheme 1: Scheme showing the formation of steroidal imidazolidine
derivatives

The characterization studies for structural elucidation of steroidal
imidazolidines 7-9 included IR, '"H NMR, “C NMR and MS. In the IR
spectra, the strong absorption bands in the ranges 3327-3336, 1693-
1695 and 1671-1674 cm™ were attributed to the NH, CO, CONH groups,
respectively while absorption bands at 1640-1643 and 1267-1273 cm™
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confirmed the presence of the C=N and C=S group in compounds 7-9.
In 'H NMR study, the two singlets in the range § 8.2-7.8 and 4.42-4.41
confirmed the presence of NH and C,'H, respectively. In "C NMR
study, the signals at § 183-185, 171-173, 170-171, 152-155 confirmed
the presence of the C=S, CONH, C=0, C=N groups, respectively,
in compounds 7-9. Finally, the presence of distinct molecular ion
peaks [M*] at m/z 599, 575/577, 541, respectively in the MS spectra
also proved the formation of compounds 7-9. This strategy can also
be applied to diverse thiosemicarbazones; in that way imidazolidines
may also allow further modifications on the substituted heterocyclic
systems.

DNA binding studies

Electronic absorption titration: It is generally accepted that
DNA is the primary pharmacological target of many antitumor
agents. The binding activities of DNA-heterocycles have been a clue
of paramount importance for understanding the mechanism of
effective chemotherapeutic drugs. Absorption titration is usually used
to determine the binding strength and the mode of DNA binding
with small molecules [29]. Here in the UV-vis spectra of compounds
(7-9) with increasing concentrations of CT DNA (Figure 1) which
exhibited potential absorption bands at 288 nm, attributed to the
n-m or intraligand transitions. Upon the addition of an increasing
concentration of DNA (0.70 - 4.24 x 10° M) to the compounds (7-9) in
a2% DMSO/ 5 mM Tris HCI/50 mM NacCl buffer solution, there was an
increase in the absorption intensity of the intraligand absorption band
(hyperchromism), without any shift of the position of the band. The
hyperchromic effect is due to the electrostatic binding of the compound
with the DNA base pairs by involving the hydrogen-bonding interaction
between coordinated ~-C=0 with functional groups positioned on the
edge of DNA bases, thereby causing the maximum exposure of base
pairs to the light that leads to the increase in the absorption intensity
hence the hyperchromism occurs [30]. These spectral studies reveal
that compounds (7-9) exhibited higher binding propensity with DNA
and interact presumably by electrostatic interaction via the phosphate
backbone of the DNA double helix together with the hydrophobic
interaction. The hydrophobic interaction with DNA replaces the water
molecules in the DNA grooves, leading to an enhancement of the
entropy and to the stabilization of the DNA-bound compound [31]. In
order to further compare the binding strength of the compounds, their
intrinsic binding constant (K,) were determined from the following
equation (1) [32]

[DNAY/ | e, -¢,| =[DNAY/ | g, - | +1/K, | ¢, -¢] (1)

Where, [DNA] is the concentration of DNA, ¢, ¢ and ¢, are
apparent extinction coefficients A , /[M], the extinction coefficient for
free compound and the extinction coefficient for compound in the fully
bound form, respectively. In the plots of [DNA] / € ¢, versus [DNA],
K, is given by the ratio of the slope to the intercept.

The intrinsic binding constants for compounds (7-9) were found to
be 2.07 x 10* M, 2.1 x 10* M'and 1.9x10* M, respectively hence the
binding affinity follows the order 8 > 7> 9.

Fluorescence spectroscopy: The variety of molecular interactions
such as excited state reactions, molecular rearrangements, energy
transfer and collision are studied by fluorescent quenching techniques
[33]. Here the fluorescence quenching experiments were undertaken
to study the interaction of synthesized compounds (7-9) with CT
DNA. The emission spectra of compounds (7-9) displayed intense
luminescence at 358 nm at room temperature in the absence of DNA

when excited at 290 nm. On addition of increasing concentration of
DNA (0.70 x 107 to 4.24 x 10> M) to the fixed amount of compounds
(1 x 10* M), the emission intensity appreciably increases (Figure 2).
The increase in the emission intensity is largely due to the extent to
which the molecule is inserted into the hydrophobic environment
of DNA minor groove. Also the hydrophobicity of DNA helix
overcomes the solvent accessibility to the hydrophobic environment
inside it and the compound mobility is restricted at the binding site,
ultimately leading to a decrease in the vibrational mode of relaxation
[34]. Furthermore, the binding of compound to the DNA helix could
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Figure 1: Absorption spectra of compounds (7-9) in Tris—HCI buffer upon the

addition of calf thymus DNA [complex] = 6.67 x 10° M, [DNA] = 0.70 - 4.24 x
10 M. Arrow shows change in intensity with increasing concentration of DNA.
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Figure 2: Emission spectra of compounds (7-9) in the presence of DNA in
5 mM Tris-HCI/50 mM NaCl buffer. Arrows show the intensity changes upon
increasing concentration of the DNA.

decrease the collisional frequency of solvent molecules with the
compound, leading to the emission enhancement of the compound.
To compare the binding affinity of compounds to DNA quantitatively,
the binding constant ‘K’ and binding site number ‘n’ were calculated by
using Scatchard equation (2) and (3) [35, 36].

C,=C, (F/F -P)(1-P) )
r/ic=K(n-r) (3)

Where, C, is the concentration of free compound, C, is the total
concentration of compound; F and F_ are fluorescence intensities in the
presence and absence of DNA, respectively. P is the ratio of observed
fluorescence quantum yield of the bound compound to that of the free
compound. The value P was obtained as the intercept by extrapolating
from a plot of F/F_versus 1/ [DNA], r denotes the ratio of C, = (C -C,)
to the DNA concentration, ‘C’ is the free compound concentration and
‘n’ is the binding site number.

The binding constants for compounds (7-9) were calculated to be
2.7x10*M™, 3.2 x 10* M'and 2.4 x 10* M, respectively. The number
of steroid imidazolidines per DNA ‘n’ calculated [37] for (7-9) was
found to be 1.13, 1.19 and 1.07, respectively indicating that compound
8 has higher DNA binding propensity in agreement with the absorption
titration experiment.

The binding constant values are extracted from the (Figure 3) for
compounds 7-9 with DNA and results (Table 1). From the binding
constant, binding energies are calculated by equation (4):

AG =-RTLnK (4)

The negative value of G revealed the interaction of compounds 7-9
with DNA is favourable and follows the order 8 > 7 > 9, which is in
agreement with the absorption studies.

CD spectra: Since any particular variation of DNA conformation
sensitizes the CD signal hence the CD spectroscopy is a quite sensitive
technique to investigate the changes in DNA morphology and to
determine mode of drug-DNA interactions [38]. In CD spectrum
of B-DNA, the positive band is due to the base stacking (277 nm),
while the negative one (245 nm) corresponds to the right-handed
helicity [39]. In this study, the CD spectra of B-DNA were recorded
in the presence of different molar ratios of the steroid compounds
(7-9). The changes in the CD signals of B-DNA, as observed on the
interaction with the compounds can be assigned to the corresponding
changes in DNA morphology [40]. Classical intercalative molecules
tend to enhance the intensities of bands due to strong base stacking
interactions and stable DNA conformations, while simple groove
binding and electrostatic interactions demonstrate less perturbation or
no perturbation on the base stacking and helicity bands. Also it should
be stated that intercalated compounds which disrupt interactions
between DNA bases and weaken base stacking cause a decrease in the
intensities of CD bands [38]. The CD spectra of DNA in the presence
of the compounds (Figure 4).

The CD spectra of DNA with different values of the compound
exhibit an increase in the positive peak and decrease in the negative
band. These CD changes represent more stacking of DNA base pairs
due to the hydrophobic interaction in groove region and decrease in
the helicity of DNA by unwinding it. These compounds are assisting
the electrostatic attraction with the DNA strand which can be followed
by partial intercalation of their planar moieties between the base pairs
in minor groove, allowing the interaction; therefore at the site of
intercalation, DNA double helix can be unwound [41].

Nuclease activity

The DNA cleavage was controlled by the relaxation of supercoiled
circular form of pBR322 DNA into the nicked and linear form. When
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Figure 3: Stern-Volmer plots of the compounds (7-9) with DNA.

FLUORESCENCE MOLECULAR DOCKING
Compound |n K -AG (kJ/ mole) |-AG (kJ/ mole) |K
7 1.13 2.7 x10* |343.72 333.68 2.2x10*
8 1.19 3.2x10* |377.38 382.51 2.8 x 104
9 1.1 2.4 x10* |363.51 355.83 2.1 x10*

Table 1: Thermodynamic parameters like binding constant K and free energy
change AG obtained for the compounds 7-9 from fluorescence and molecular
docking studies.
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CD (medg)

Wavelength

Figure 4: CD spectra of CT DNA (blue), in the presence of 7 (red), 8 (yellow)
and 9 (violet).

a circular plasmid DNA is subjected to agarose gel electrophoresis, the
fastest migration will be observed for supercoiled form (Form I). If one
strand is cleaved, the supercoils will relax to produce a slower moving
open circular form (Form II). If both strands are cleaved, a linear form
(Form III) will be generated that migrates in between Form I and
Form II. The DNA cleaving ability of compound 8 was investigated
using pBR322 DNA. In the absence of any external additives the
compound 8 cleaved double stranded supercoiled plasmid DNA (SC
form: Form I) (300 mg) in 5 mM Tris-HCI/50 mM NaCl buffer into
nicked circular form (NC form: Form II) after 1 h of incubation at
physiological pH 7.2 and temperature 25°C [42, 43]. Keeping the DNA
concentration constant (300 mg) the concentration of compound 8 was
varied (1.0-5.0 M) and the cleavage reaction was further monitored
by gel electrophoresis. The results revealed concentration-dependent
electrophoretic cleavage clearly showing the conversion of SC form
(Form I) to NC form (Form II) with increase in concentration of
compound 8.

At 4 uM concentration (Lane 5), compound 8 exhibited efficient
nuclease activity. At still higher concentrations there was complete
conversion of SC form into NC form with the concurrent formation
of LC form. Presence of Form I, II, and III of pBR322 DNA indicated
that compound 8 is involved in double strand DNA cleavage (Figure 5).

The nuclease activity in the presence of activators viz.; MPA,
GSH and H,0, were also observed and the results showed significant
enhancement in the cleavage activity. Their activating efficacy follows
the order of GSH = H,0, > MPA. To predict the mechanism of pBR322
plasmid DNA cleavage by compound 8, comparative experiments were
carried out in the presence of various radical inhibitors or trappers such
as singlet oxygen scavenger sodium azide (NaN,), hydroxyl radical
scavengers viz.; dimethylsulfoxide (DMSO), ¢-butyl alcohol (TBA) and
superoxide dismutase (SOD) as superoxide anion inhibitor (Figure 6).
When the hydroxyl radical scavenger DMSO and TBA were added to
the reaction mixture the nuclease activity was not inhibited, excluding
the role of hydroxyl radical in the cleavage process. In the presence of
radical scavengers like NaN, and SOD, the cleavage was significantly
inhibited under the present experimental conditions. Therefore,
the compound 8 seems to follow the mechanistic pathway involving
singlet oxygen and superoxide anion to generate ROS responsible for
initiating DNA strand scission [44].

DNA cleavage in the presence of minor and major groove
binders

DNA recognition elements (groove binding) DAPI (minor groove
binding) [45] and methyl green (major groove binding) [46] were used
to probe the potential interacting site of compound 8 with supercoiled
pBR322 DNA. (Figure 7), upon the addition of DAPI (Lane 2), there
is apparent inhibition of the cleavage activity of 8 suggesting that

the compound is a minor groove binder which is in conformity with
many literature reports revealing that imidazolidine derivatives play
important roles in several DNA minor groove binding agents such as
Hoechst 33258 and Hoechst 33342 [47, 48].

Molecular docking

To understand steroidal imidazolidine-DNA interaction, the
molecular docking technique is an attractive tool to get insight of
the mechanistic study, by placing a molecule into the binding site
of the target specific region of the DNA. In our experiment, rigid
molecular docking (two interacting molecules were treated as rigid
bodies) studies were performed with HEX 6.1 software [23] to predict
the binding modes of compounds with a DNA duplex of sequence d
(CGCAAATTTCGC), dodecamer (PDB ID: 1BNA), and provide an
energetically favourable docked structures (DNA-compound 8 shown
in Figure 8). It is evident from the figure that these type of compounds
gets attached with DNA through minor groove and their imidazolidine
moiety shows intercalation between the nucleotide base pairs of DNA.
The docked complex of steroidal imidazolidine and DNA (Figure 8)
depicts that the oxygen (of carbonyl group) of the imidazolidine ring
forms a hydrogen bond with the 2™ nitrogen of 4™ guanine of DNA.
In this configuration, the group at 3p-axial position (i.e., X-moiety)
remains inclined towards the phosphodiester bond of DNA and the
possibility of hydrogen bonding cannot be ruled out. Since the changes
in accessible surface area of interacting residues show a preferential
binding of compound between G-C base pairs and bends the DNA

Form I1

Form III

123456

Figure 5: Agarose gel electrophoresis patterns of pBR322 plasmid DNA
(300 mg) cleaved by compound 8 (1.0-5.0 uM), after 1 h incubation time
(concentration dependent) Lane 1: control; Lane 2: 1.0 uM 8 + DNA; Lane 3:
2.0 yM 8 + DNA; Lane 4: 3.0 uM 8 + DNA. Lane 5: 4.0 uM 8 + DNA; Lane 6: 5.0
uM 8 + DNA, in buffer (5 mM Tris-HCI/50 mM NaCl, pH 7.2 at 25°C).

Form I

Form 1T

Form I

1234567

Figure 6: Agarose gel electrophoresis pattern for the cleavage of pBR322
supercoiled DNA (300 mg) by compound 8 (2.0 uM) in presence of different
activating agents and radical scavengers Lane 1: 8 + GSH + DNA. Lane 2: 8
+ MPA + DNA. Lane 3: 8 + H,0, + DNA. Lane 4: 8 + NaN, + DNA. Lane 5: 8 +
DMSO + DNA. Lane 6: 8 + t-butyl alcohol + DNA. Lane 7: 8 + SOD + DNA in
buffer (5 mM Tris—HCI/50 mM NaCl, pH 7.2 at 25°C).

Form II

Form I

1 2 3

Figure 7: Agarose gel electrophoresis pattern for the cleavage of pBR322
plasmid DNA (300 mg) by 8 (0.25 mmol) Lane 1, DNA + 8 + methyl green
(major groove binding agent); Lane 2, DNA + 8 + DAPI (minor groove binding
agent) (8 mM); Lane 3; DNA control (2.5 mL of 0.01 mg/mL solution) at 310 K
after incubation for 45 min.
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Figure 8: Cartoon representation of DNA-Compound. The N, S and the O
termini of the imidazolidine moiety of compound are shown (C) as blue, yellow
and red sticks, respectively. (a), (b) and (c) show minimum energy poses of
DNA-Steroidal imidazolidine complex.

slightly in such a way that a part of the molecule comes between
the two base pairs of the minor groove of DNA helix which makes
favourable stacking interactions between the ring systems of the
DNA bases and the imidazolidine ring of compound. The resulting
relative binding energy of docked steroidal imidazolidine-DNA
complexes was found to be -333.68 to -382.51 k] mol" (Table 1).
This value is consistent with the high binding constant obtained
from spectroscopic values.

Although the binding energy calculated from docking simulation
for the DNA compound complexes are slightly higher than the
experimental free energy of binding obtained from the fluorescence
data. The slight discrepancy in the free energy change is attributed to
the rigidity of DNA in the molecular docking studies or exclusion of
the solvent molecules.

In vitro cytotoxicity

This activity was measured using the 3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay during which
the conversion of the soluble yellowish MTT to the insoluble purple
formazan by active mitochondrial lactate dehydrogenase of living
cells has been used to develop an assay system for measurement of
cell proliferation [25]. The data reported in Table 2 suggests that
compounds showed different levels of cytotoxicity. Since literature
reveals that thiosemicarbazone derivatives have been found potentially
active against different cancer cells [49] hence with this intuition, in
vitro anticancer activity of thiosemicarbazone derivatives was carried
out using the MTT assay. During the cytotoxic screening almost all
the steroidal imidazolidines depicted potential anticancer behaviour
against given cancer cells by showing less inhibition count but
compound 7 and 8 showed much effective IC, =6.81 uM and 5.17 uM
against HL-60 cell line. The compound 7 and 8 also showed potential
IC,;=7.73 uM and 7.24 pM against MCF-7 cell line. The compound
8 and 9 also depicted promising behaviour against A549 cell line by
showing IC, =7.43 and 6.29 uM, respectively.

The overall cytotoxicity of these compounds may be attributed to
the more hydrophilicity and more bioavailability of the imidazolidine
derivatives.

Microscopic examination of gross morphology of cancer cells and
comparison with imidazolidine treated cancer cells (Figure 9). The HL-
60 cell line when treated with 8 (5.17 uM) the growth was inhibited
within 24 h and the cells were almost completely dead after 36 h. Same

behaviour was shown by lung carcinoma (A549) cell line when treated
with 8 (7.43 uM) and within 24 h the growth inhibited but after 36 h,
the A549 cancer cells were almost dead.

Comet assay

In the comet assay [27], the images of cells treated with Cisplatin
and compounds 8 and 9 showed the formation of comets. No comet
pattern was observed in the control cells. There was dose-dependent
increase in tail length when treated with compounds 7-9 (Figure 10).
Compound 8 and 9 presented maximum apoptotic DNA damage
among the three steroidal imidazolidines studied. None of the steroidal
imidazolidine exhibited apoptotic DNA damage to the extent of
Cisplatin. The increase in DNA damage suggested that compounds
derivatives induced dose-dependent fragmentation of chromosomal
DNA leading to apoptosis. The images of comet assay for control, cells
treated with Cisplatin (50 pg/mL), 7 (50 pg/mL), 8 (50 ug/mL) and 9
(50 pg/mL) are shown in Figure 10. Slides were analysed for parameter
like tail length (TL), using image analyzer CASP software version 1.2.2.
The results of the assay for tail length (Figure 11).

Western blot analysis

To confirm the apoptotic effect of compound 8 and 9 in A549 cells,
a study of protein levels of some apoptotic markers such as Caspase-3,
Bax, Bcl-XL and PARP cleavage was performed by Western blot
analysis (Figure 12). The expression of Bcl-XL was reduced when cells
were exposed to compound 8 and 9 of increasing concentrations (0, 15
and 25 uM). In contrast to Bcl-XL, the expression of Bax and Caspase-3
was increased. The level of cleaved PARP product (104 KDa) was higher

1C50 (uM)
Comp. Lung |Breast Cervical Leukaemia|Colon |Hepatic Colon |Lung
A545 MCF-7 HeLa HL-60 SW480 HepG2 HT-29 A549
4 2946 (2217 37.77 4529 19.26 3412 |26.73 33.18
5 26.28 17.62 39.25 43.21 >50 30.51 35.97 41.32
6 18.23 3458 33.68 >50 29.52 |26.72 38.23 29.66
7 10.11 7.73 1072 6.81 11.37 7.93 13.88 9.33
8 767 724 923 5.17 10.33 9.37 8.63 7.43
9 8.41 1013 1191 7.79 9.11 10.26 8.12 6.29
Cisplatin 8.9 9.3 9.43 7.83 3.52 |9.80 724 120
5-FU 154 153 16.32 1245 1571 1131 979 128

5-FU = 5-Fluorouracil

Table 2: The IC; values shown by compounds 4-9, Cisplatin and 5-Fu against

given cancer cell lines.
HL-60 HL-60 + 8 (24 h) HL-60 +8 (36 h)

A549

AS549 +8 (24 h)

A549 + 8 (36 h)

Figure 9: Microscopic examination of the interaction of HL-60 and A549 cancer
cells with steroidal imidazolidine 8.
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A549 + 8 A549+9 A549 + 7

A549 + Cisplatin

Figure 10: Detection of DNA damage in A549 cells. Treated cells (24 h) were
layered over agarose gel, lysed, electrophoresed in alkaline buffer and stained
with propidium iodide. Control cells were treated with DMSO alone.
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Figure 11: Graph comparing the effect of steroidal imidazolidines on the tail
length in comet assay. There was a concentration-dependent increase in the
apoptotic DNA fragmentation and hence an increase in tail length in all three
imidazolidine derivatives.
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Figure 12: Western blot analysis of whole cell extracts. Lower panel (B-actin)
represent equal loading of each lane.

in the treated cells than untreated cells and increased with increasing
concentrations of the compound 8 and 9. As expected, the expression
of B-actin, which served as a loading control, remained unaltered.
These relative expressions of relevant apoptotic markers including
the increasing Bax/Bcl-XL ratio, Caspase-3 and PARP cleavage clearly
indicate that imidazolidines 8 and 9 cause apoptosis in MCF-7 cancer
cells.

Conclusion

In summary the development and operationally designed simple
strategy for the better synthesis of steroidal imidazolidines was
successful. Absorption and fluorescence studies reveal the stabilization
of the energy levels of the compounds in presence of DNA. The
cleavage and molecular docking studies undertaken in the present
work are in total agreement with the primary intercalative mode of
binding, although the van der Waals and other types of interactions
can also be argued. From in vitro cytotoxicity screening, it is clear that
steroidal imidazolidines were found to be potential cytotoxic agents in
comparison with standard drugs, Cisplatin and 5-Flu. Potential apoptic
and genotoxic nature of compounds was depicted by western blotting
and comet assay, respectively. Hence, the present study has shown
that these synthesized compounds can be used as template for future
development through modification and derivatization to design more
potent and selective cytotoxic agents.
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