J Fluoresc (2015) 25:1377-1387
DOI 10.1007/s10895-015-1628-8

@ CrossMark

ORIGINAL ARTICLE

DNA Interaction Studies and In Vitro Cytotoxicity of Newly
Synthesized Steroidal Imidazolidinones

Ayaz Mahmood Dar'* - Manzoor Ahmad Gatoo” - Ajaz Ahmad?
Mir Shabeer Ahmad® - Muzaffar Hussain Najar* - Shamsuzzaman'

Received: 17 May 2015 / Accepted: 26 July 2015 /Published online: 6 August 2015

© Springer Science+Business Media New York 2015

Abstract New steroidal imidazolidinone derivatives (7-9)
were synthesized after reacting steroidal thiosemicarbazones
with oxalyl chloride in absolute ethanol. After characterization
by spectral and analytical data, the interaction studies of com-
pounds (7-9) with DNA were carried out by UV—vis, fluores-
cence spectroscopy, circular dichroism, molecular docking
and gel electrophoresis. The compounds bind to DNA prefer-
entially through electrostatic and hydrophobic interactions
with Ky; 2.31x10* M1, 2.57x10* M ! and 2.16x10* M,
respectively indicating the higher binding affinity of com-
pound 8 towards DNA. Gel electrophoresis demonstrated that
the compounds 7-9 show strong interaction during the cleav-
age activity with pPBR322 DNA. The docking study suggested
the intercalation of imidazolidinone moiety of steroid deriva-
tive in minor groove of DNA. During in vitro cytotoxicity,
compounds 7-9 revealed potential toxicity against the differ-
ent human cancer cells (MTT assay). Apoptotic degradation of
DNA in presence of compounds 7-9 was analyzed by agarose
gel electrophoresis and visualized by ethidium bromide stain-
ing (comet assay). FACS analysis shows that the compound 8
bring about cell cycle arrest at 7 uM concentration.
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Introduction

Medicinal chemistry has gained enormous popularity for its
role in drug discovery over the past two decades. The number
of'natural products and their semi synthetic analogs have been
discovered and evaluated for their role in the treatment of
various fatal diseases such as cancer, diabetes, microbial in-
fections and cardiovascular diseases [1]. However because of
the drug resistance and drug tolerance problems, there is al-
ways scope for the design and development of new and mod-
ified 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 are considered cen-
tral substructures of many compounds exhibiting biological
and pharmacological properties [2, 3]. They exhibit different
biological activities such as nitric-oxide synthase inhibition,
anti-inflammatory, anti-parasitic, antifungal, antidepressant,
antitubercular, anticancer and antiviral activities [4—11].
Hence, imidazole moiety is found in numerous drugs, such
as anti-inflammatory agents, kinase inhibitors, antagonists of
CB1 cannabinoid and glucagon receptors and antibacterial
agents [12].

In the field of molecular biology and drug development, the
cleaving agents of nucleic acid have attracted extensive atten-
tion due to their potential applications [13]. The phosphodies-
ter 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

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s10895-015-1628-8&domain=pdf

1378

J Fluoresc (2015) 25:1377-1387

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 is-
sues over the lability and toxicity produced due to free radical
generation of some transition metals during the redox process-
es [16]. To overcome these limitations of lability and toxicity,
Gobel 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.

Literature reveals that several number of imidazolidinone
derivatives have shown potential binding to DNA. In most
of the intercalation complexes, the substituted
imidazolidinone derivatives are located in the major or mi-
nor grooves with the imidazolidinone chromophore
sandwiched between base pairs. These compounds allow
base-specific groove binding by the NH or C=0O groups
[18]. The ability of these intercalators to direct functionality
into either of the grooves of nucleic acids makes them good
candidates for selective ligands which are able to provide
molecular recognition [18]. The planar imidazolidinone scaf-
fold is being an important pharmacophore and potent fluo-
rescent ligand intercalating between DNA base pairs and is
often used in syntheses of antitumor DNA-targeting drugs
[19]. Metal free imidazolidinone compounds are also able to
inhibit topoisomerase I and II enzymes, render DNA dam-
age, disrupt DNA repair and replication, and induce cell
death without showing toxicity towards the normal cells
[20, 21]. It has also been found that the damage of DNA
by these compounds is usually strengthened by the oxidative
stress [21]. The cytotoxicity of most imidazolidinone-based
drugs is based on their ability to suppress topoisomerase
activity [22]. There are two possibilities for an intercalator
to influence the topoisomerase activity and thereby suppress
the proliferation of the cell: (a) by intercalation; the binding
site of the topoisomerase is occupied and formation of the
complex between the enzyme and the DNA is hindered; (b)
a ternary complex between DNA, intercalator and topoisom-
erase may be formed which is significantly more stable than
the DNA-topoisomerase complex. The stability of the terna-
ry complex may lead to an enhanced lifetime of the cleaved
DNA, i.e., the re-ligation of the strands cannot take place
and the strand breaks remain permanent. Thus, the topo-
isomerase acts as an endogeneous poison and may induce
apoptosis [23]. In continuation of our previous work [24]
herein, we report the synthesis of new steroidal
imidazolidinones as metal free DNA binding agents. The
presence of -NH or -CO groups in the molecules can coop-
eratively participate in the interaction with DNA via hydro-
gen bonding. A computer aided molecular docking study
was carried out to validate the specific binding mode of
the newly synthesized compounds. Furthermore, these com-
pounds have also been screened for in vitro cytotoxicity as
well as genotoxicity.
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Experimental
Material and Chemicals

Chemicals were purchased from Merck and Sigma-Aldrich as
‘synthesis grade’. Melting points are recorded in degrees Cel-
sius on a Kofler apparatus. The IR spectra were recorded on
KBr pellets with Pye Unicam SP3-100 Spectrophotometer
and values are given in cm '. 'H 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 (4).
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 pPBR322 DNA was purchased from GeNei
(India) while as double-stranded calf thymus DNA, purchased
from Sigma, was dissolved in a 0.1 M 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 spectrophotomet-
rically using €,4,=6600 M ' em™! [25]. 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 Synthesis of Steroidal
Thiosemicarbazones (4—6)

The steroidal thiosemicarbazones (4—6) were synthesized by a
literature method [26] which involves the refluxing of an equi-
molar solution of steroidal ketones (1-3) and
thiosemicarbazide in ethanol in the presence of few drops of
HCI for 5 h. After cooling, the compounds were filtered and
recrystallized from methanol.

General method for the synthesis
of [2'-thioxoimidazolidin-4', 5'-dione-1-yl]-6-imino-
Sa-cholestane derivatives (7-9)

To a solution of steroidal thiosemicarbazone (4-6) (1.5 mmol)
in absolute ethanol (25 mL), an equimolar amount of oxalyl
chloride was added. The reaction mixture was refluxed for 2 h.
The progress and completion of the reaction was monitored by
thin layer chromatography. After completion of reaction the
excess solvent was removed to three fourths of the orig-
inal volume under reduced pressure. The reaction mix-
ture was then taken in diethyl ether, washed with water
and dried over anhydrous sodium sulphate. Evaporation
of solvents and recrystallization from methanol afforded
respective product (7-9).
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33-Acetoxy [2'-thioxoimidazolidin-4', 5'-dione-1-yl]-6-
imino-5x-cholestane (7)

White powder; yield: 78 %. m.p. 136—138 °C; Anal. Caled for
C3,HoN;04S: C, 67.21, H, 8.64, N, 7.35, S, 5.61 found: C,
67.04,H,8.42,N,7.19, S, 5.50; IR (KBr) v cm™': 3325 (NH),
1714 (OCOCHj;), 1692 (C=0), 1678 (CONH), 1646 (C=N),
1268 (C=S), 1080 (C-0), 1021 (C-N); "H NMR (400 MHz,
CDCls, ppm): § 8.4 (s, 1H, NH, exchangeable with D,0), 4.7
(m, 1H, C3-H, W%=15Hz), 2.03 (s, 3H, OCOCH3), 1.18 (s,
3H, C,p-CHj;), 0.70 (s, 3H, C;5-CHj3), 0.97 and 0.83 (other
methyl protons). '>*C NMR (100 MHz, CDCls, ppm): § 186,
173.2,171.8, 167.2, 155.3, 70, 46, 44, 42, 39, 35, 26, 24, 22,
20, 19, 18; ESI MS: m/z 571 [M"].

33-Chloro [2'-thioxoimidazolidin-4’, 5'-dione-1-yl]-6-
imino-5a-cholestane (8)

White powder; yield: 77 %. m.p. 146—148 °C; Anal. Calcd for
C30H46CIN30,S: C, 65.73, H, 8.46, N, 7.66, S, 5.85 found: C,
65.61,H, 8.35,N, 7.52, S, 5.67; IR (KBr) vcm™': 3317 (NH),
1696 (C=0), 1673 (CONH), 1654 (C=N), 1278 (C=S), 1031
(C-N), 741 (C-Cl); '"H NMR (400 MHz, CDCls, ppm): 6 8.1
(s, 1H, NH, exchangeable with D,0), 3.9 (m, 1H, C;-H,
W%=17 Hz), 1.17 (s, 3H, C,o-CH3), 0.71 (s, 3H, C3-CH;),
0.98 and 0.80 (other methyl protons). '*C NMR (100 MHz,
CDCls, ppm): 6 184, 171.5,165.2, 156.3, 50, 45, 43, 42.2, 39,
35,26, 24, 22, 20, 19, 18; ESI MS: m/z 547/549 [M"].

[2'-Thioxoimidazolidin-4’, 5'-dione-1-yl]-6-imino-
S5«x-cholestane (9)

Yellow powder; yield: 75 %. m.p. 146-148 °C; Anal. Calcd
for C30H47N30,S: C, 70.13, H, 9.22, N, 8.18, S, 6.24 found:
C, 69.93, H, 9.07, N, 8.11, S, 6.07; IR (KBr) v cm ': 3327
(NH), 1694 (C=0), 1670 (CONH), 1651 (C=N), 1276 (C=S),
1033 (C-N); '"H NMR (400 MHz, CDCls, ppm): § 7.9 (s, 1H,
NH, exchangeable with D,0), 1.17 (s, 3H, C1(-CHj3), 0.71 (s,
3H, C,5-CH3), 0.98 and 0.80 (other methyl protons). '*C
NMR (100 MHz, CDCl;, ppm): § 183, 171.2, 164.7, 157.3,
45,43,42.2, 39, 35, 26, 25, 24, 22, 20, 19, 18; ESI MS: m/z
513 [M™].

DNA Binding Experiments
Electronic Absorption and Fluorescence Spectroscopy

The absorption and emission spectroscopy was done as per the
standard methods and practices reported in the literature [27].
The UV-visible spectra for DNA-steroid interactions were ob-
tained using an Agilent 8453 spectrophotometer while as fluo-
rescence measurements were carried out with a JASCO spec-
trofluorimeter (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 (CD) Measurements

CD measurements [28] were recorded on a JASCO (J-810)
spectropolarimeter by keeping the concentration of DNA con-
stant (5x107° M) while varying the steroid concentration
(ri=[Compound] / [DNA] = ri=0.6, 0.12, 0.20). 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.

Gel Electrophoresis

Two concentrations (100 and 200 uM) of compounds and
3 uL of 0.5 pg/ul of pUC19 DNA was loaded with 2 uL of
EtBr into 1 % agarose gel. The final volume of the reaction
mixture for all the wells of gel was 10 pL.. The DNA band was
visualised under UV transilluminator.

Molecular Docking

The rigid molecular docking studies were performed using
HEX 6.1 software [29]. 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 15, 3.1 GHz based machine
running MS Windows XP as the operating system. First of
all the water molecules were deleted. The DNA was enclosed
in a box with number of grid points in x X y x z directions,
76x78x120 and a grid spacing of 0.375 A. All calculations
were carried out on an Intel CORE 15, 3.1 GHz based machine
running MS Windows XP as the operating system. Visualiza-
tion of the docked pose have been done using PyMol molec-
ular graphics program [30].

In Vitro Anticancer Activity

Cell culture and conditions Human cancer cell lines SW480
(colon adenocarcinoma cells) / ATCC (CCL-228), HeLa (cer-
vical cancer cells) / ATCC (CCL-2), MCF-7 (breast cancer
cells) / ATCC (HTB-22), HepG2 (hepatic carcinoma cells) /
ATCC (CRL-8065) and HL-60 (Leukaemia cells) / ATCC
(CCL-240) were taken for the study. SW480, HL-60 and
HepG2 cells were grown in RPMI 1640 supplemented with
10 % foetal bovine serum (FBS), 10 U penicillin and 100 pg/
mL streptomycin at 37 °C with 5 % CO, in a humidified
atmosphere. HeLa and MCF7 cells were grown in Dulbecco’s
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modified Eagle’s medium (DMEM) supplanted with FCS and
antibiotics as described above for RPMI 1640.

Cell viability assay (MTT) The anticancer activity in vitro
was measured using the MTT assay [31]. Exponentially grow-
ing 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 and 5-Fluorouracil 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. Twenty
pl MTT 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 ul of DMSO per well. The
absorbance of the wells was read with a microplate reader
(Bio-Rad Instruments) at 570 nm.

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 [32]. The experiment was done in
triplicate and the inhibitory concentration (IC) values were
calculated from a dose response curve. ICs, values were de-
termined 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
imidazolidinones, comet assay [33] was performed in A545
cells. A545 (1x10°) cells were treated with definite concen-
trations of steroidal imidazolidinones and 5-Fluorouracil (5-
Fu) for 24 h. The cells were then washed and 200 puL 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 bro-
mide (EtBr, 150 pL 1x) and cover slips were placed over
them. For visualization of DNA-damage, EtBr stained slides
were observed under 209 objectives of a fluorescent micro-
scope (Olympus BX-51, Japan). The images of 50-100 ran-
domly selected cells were captured per slide using a CCD
camera.
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Analysis of DNA Content by FACS/ Cell Cycle Arrest

When cell density in a culture flask reached 75-85 % conflu-
ence, they were trypsinized and seeded in 6-well plates at a
density of 5-8x 10> cells/well and grown for 24 h. Four and
7 uM of compound 8, were added to the cells and grown for
24 h. After the respective experimental period, the cells were
trypsinized and collected in a falcon tube. After washing the
cells with PBS, they were fixed by gently adding ice-cold
70 % ethanol with simultaneous vortexing and left overnight
at 4 °C. On the day of analysis, samples were centrifuged for
10 min at 1500 RPM. The supernatant was discarded, and the
pellets were resuspended in PBS. This step was repeated again
to remove ethanol. The cells were then resuspended in PBS
containing 0.5 % Triton X-100, 0.1 mg/ml RNase and 40 mg/
mL propidium iodide in a dark room. Triton-X and RNAase
were added to permeabilize the cell membrane and eliminate
RNA. After 30 min incubation at 37 °C, the cells were
analysed on a flow cytometer, equipped with an air-cooled
argon laser providing 15 mW at 488 nm with standard filter
setup. Ten thousand events were collected and the percentages
of each cell cycle phases were analysed using Cell quest Pro
software (Becton Dickinson, USA).

Results and Discussion
Chemistry

The intensive research on heterosteroids has focused in recent
years on the development of new bioactive heterocyclic mol-
ecules [34], with the aim of obtaining new derivatives that
may be of value in designing potentially anticancer active
and DNA binding agents. Hence we have envisioned the con-
venient and an efficient synthesis of steroidal
imidazolidinones (7-9) from corresponding steroidal
thiosemicarbazones (4-6) and oxalyl chloride (Scheme 1).
The reaction does not demand rigorously dried solvents, re-
agents or inert atmosphere but simply refluxing steroidal
thiosemicarbazones and oxalyl chloride in absolute ethanol.
The mechanism for the formation of compounds (7-9) in-
volve the nucleophilic attack of the two nitrogen atoms of
thiosemicarbazone on the two carbonyl groups, making both
the chlorine atoms to leave which leads the formation of cor-
responding products.

The characterization studies for structural elucidation of
steroidal imidazolidinones 7-9 included IR, 'H NMR, '*C
NMR and MS. In the IR spectra, the strong absorption bands
in the ranges 3317-3327, 1692-1694 and 1670-1678 cm
were attributed to the NH, CO, CONH groups, respectively
while absorption bands at 16461654 and 12681276 cm™'
confirmed the presence of the C=N and C=S group in com-
pounds 7-9. In "H NMR study, a singlet in the range § 8.4—7.9
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Scheme 1 Showing the pathway
for the formation of steroidal
imidazolidinones (7-9)

Thiosemicarbazide CI-CO-CO-Cl
_— _—
X EtOH / Reflux X EtOH/ Reflux X | S
Y N-NH-C-NH, N-N—K
s NH
0)
X X X (0]

OAc (1) OAc (4) OAc (7)

a@ cl () cl @)

H @) H (6) H (9)

confirmed the presence of NH group in compounds 7-9. In
3C NMR study, the signals at § 183186, 164-167, 171173,
155-157 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 571,
547/549, 513, respectively in the MS spectra also proved the
formation of compounds 7-9. This strategy can also be ap-
plied to diverse thiosemicarbazones; in that way
imidazolidinones may also allow further modifications on
the substituted heterocyclic systems.

DNA Binding Studies
Electronic Absorption Titration

The binding activities of DNA-heterocycles have been a clue
of paramount importance for understanding the mechanism of
effective chemotherapeutic drugs. Absorption titration is usu-
ally used to determine the binding strength and the mode of
DNA binding with small molecules [35]. Here in the UV—vis
spectra of compounds (7-9) with increasing concentrations of
CT DNA is shown in Fig. 1 which exhibited potential absorp-
tion bands at 290 nm, attributed to the 7t-7t* or intraligand
transitions. Upon the addition of an increasing concentration
of DNA (0.70-4.24x107° M) to the compounds (7-9) in a
2 % DMSO/ 5 mM Tris HCI/50 mM NaCl 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 interac-
tion between coordinated —C=S with functional groups posi-
tioned on the edge of DNA bases, thereby causing the maxi-
mum exposure of base pairs to the light that leads to the in-
crease in the absorption intensity hence the hyperchromism
occurs [36]. 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 hydro-
phobic 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 [37]. In order to further compare the
binding strength of the compounds, their intrinsic binding
constant (K;,) were determined from the following Eq. (1)
[38].

[DNA]/|ea—er| = [DNA]/|eo—er] + 1/Ks|ep—ei| (1)

Where, [DNA] is the concentration of DNA, ¢,, ¢rand ¢,
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] / e,—e¢ versus [DNA], Ky, is given by the ratio
of the slope to the intercept.

The intrinsic binding constants for compounds (7-9) were
found tobe 2.31x10*M ™", 2.57x10*M ' and 2.16x10* M,
respectively hence the binding affinity follows the order 8>
7>9.

To confirm the better absorption behaviour of compounds
(7-9), the absorption intensity of the compounds was com-
pared under the same concentration of DNA and it was found
that the absorbance of the compounds (7-9) was very slightly
different from each other and more clearly, the absorbance
shown by the compounds (7-9) followed the order 8>7>9.

Fluorescence Spectroscopy

The variety of molecular interactions such as excited state
reactions, molecular rearrangements, energy transfer and col-
lision are studied by fluorescent quenching techniques [39].
Here the fluorescence quenching experiments were undertak-
en 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 tempera-
ture in the absence of DNA when excited at 290 nm. On
addition of increasing concentration of DNA (0.70x107° to
4.24x107° M) to the fixed amount of compounds (1x
10~* M), the emission intensity appreciably increases as
shown in Fig. 2. The increase in the emission intensity is
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Fig. 1 Variation of UV-vis
absorption for steroidal
imidiazolidinones (7-9) with
increase in the concentration of
Calf thymus DNA

Fig. 2 Fluorescence titration of
compounds (7-9) with the Calf
thymus DNA. Fluorescence
intensity decreases with
subsequent addition of DNA
solution. a, b, and ¢, represent
fluorescence quenching of
compounds 7-9 due to the
addition of DNA, respectively. d
represent variation of (F, — F)/F
with log concentration of DNA
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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 accessi-
bility to the hydrophobic environment inside it and the com-
pound mobility is restricted at the binding site, ultimately
leading to a decrease in the vibrational mode of relaxation
[40]. Furthermore, the binding of compound to the DNA helix
could 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 Egs. (2)
and (3) [41].

Cr = Cp(F/F,—P)(1-P) (2)
r/c = K(n-1) (3)

Where, Cr. is the concentration of free compound, Cr 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 Cg = (C1—Cp) to
the DNA concentration, ‘c’ is the free compound concentra-
tion and ‘n’ is the binding site number.

The binding constants for compounds 7-9 were calculated
tobe 3.1x10* M ', 3.6x10* M and 2.8x10* M, respec-
tively. The number of steroidal imidazolidinones per DNA ‘n’
calculated for (7-9) was found to be 1.12, 1.25 and 1.03,
respectively indicating that compound 8 has higher DNA
binding propensity in agreement with the absorption titration
experiment. Also in order to make sure the fluorescence in-
tensity of compounds (7-9), the fluorescence intensity of the
compounds was compared under the same concentration of
DNA and it was found that the fluorescence of the compounds
(7-9) was closely overlapping with each other and more spe-
cifically the fluorescence shown by the compounds (7-9)
followed the order 8>7>9.

When small molecules bind independently to a set of
equivalent sites on a biomacromolecule by static quenching,
the equilibrium between free and bound molecules is given by
the equation:

F,~F

log = logK + nlog[O] (4)
where K and # are the binding constant and the number of bind-
ing sites, respectively. From a plot of (F, — F)/F vs. log [O]
Fig. 2d, the binding constant K and the binding sites # can be
obtained from the intercept and the slope. As the values of n were
approximately equal to around 1, which indicated the existence
of just one main binding site on DNA for compounds (7-9).
Recently Ruiz et al. [42] have reported the incorporation of

Fig. 3 CD spectra of CT DNA (blue), in the presence of compound 7
(green), compound 8 (red) and compound 9 (black)

steroidal moiety in rhodium and iridium complexes, enhances
their antitumor activities. These metal-steroidal complexes also
have binding constants in a range of 10> M. Haramane (HM),
photosensitizer interact with DNA through intercalative mecha-
nism and the binding constant (9% 10* M ") is found to be on the
same order of magnitude as that are in our case [43].

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 [44]. In CD
spectrum of B-DNA, the positive band is due to the base
stacking (277 nm), while the negative one (245 nm) corre-
sponds to the right-handed helicity [45]. In this study, the
CD spectra of B-DNA were recorded in the presence of dif-
ferent 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 corre-
sponding changes in DNA morphology [46]. 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 elec-
trostatic interactions demonstrate less perturbation or no per-
turbation 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

1 2 3 4 5 6 7

Fig. 4 Agrose gel electrophoresis of reaction mixtures containing DNA
and compound 7-9. The concentration of plasmid DNA was 75 mg/L.
Lane 1, DNA only; lane 2, 3 DNA and 7 (100, 200 .« M); lane 4, 5 DNA
and 8 (100, 200 i« M); lane 6, 7 DNA and 9 (100, 200 M)
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Fig. 5 Docked model of DNA-
steroidal imidazolidinone. The N,
S and the O termini of the
imidazolidinone moiety of
compound are shown as blue,
yellow and red sticks,
respectively. a, b and ¢ show
minimum energy poses of DNA-
Steroidal imidazolidinone
complex

[44]. The CD spectra of DNA alone and in the presence of the
compounds (7-9) are illustrated in Fig. 3. The CD spectra of
DNA with different values of the compound exhibit an in-
crease 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 de-
crease in the helicity of DNA by unwinding it. These com-
pounds 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 [47].

Gel Electrophoresis Assay

All the compounds (7-9) were examined for their bind-
ing abilities with DNA by agarose gel electrophoresis.

Zoomed view of minor groove
intercalation steroid imidazolidinone

In the Fig. 4, lane 1 contains DNA only, lane 2, 4, 6
contains DNA and 100 uM of compounds 7-9 and lane
3, 5, 7 contain DNA and 200 uM of compounds 7-9.
At low concentration, the compounds (7-9) do not show
any appreciable change in the band intensity of DNA
(lane 2, 4, 6). However, at higher concentrations band
intensity gets diminished in compounds 7-9 (lane 3, 5,
7). Thus electrophoretic pattern demonstrate that all the
compounds interact with DNA. The loss in the band
intensity at higher concentration may be assumed due
to the intercalation of the compounds 7-9 to DNA,
which in turn results in the displacement of EtBr. In
case of lane 2, 4, 6 the concentration of the compounds
is not sufficient for the displacement of EtBr. This con-
clusion was further supported from the fluorescence
studies, which also gave evidence for interaction of
the compounds with DNA.

Table 1 The ICs values shown

by compounds 4-14 and 5-Fu ICsp (UM)
against given cancer cell lines
Comp. Lung Breast Cervical Leukaemia Colon Hepatic Colon Lung
A545 MCF-7 HeLa HL-60 SW480 HepG2 HT-29 A549
7 9.55 11.46 1421 9.51 12.18 11.93 11.85 9.37
8 7.53 741 19.36 10.17 9.23 12.62 10.63 12.43
9 11.87 1231 17.12 12.29 10.36 12.33 14.12 11.69
5-FU 11.46 10.34 10.32 9.45 9.02 11.31 9.79 12.05

5-FU 5-Fluorouracil
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Molecular Docking

To understand steroidal-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 treat-
ed as rigid bodies) studies were performed with HEX 6.1
software [29] 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
Fig. 8). It is evident from the figure that these type of com-
pounds gets attached with DNA through minor groove and
their imidazolidinone moiety shows intercalation between
the nucleotide base pairs.

The docked steroidal imidazolidinone-DNA complex is
shown in Fig. 5 depicts that the sulphur (of C=S of the
imidazolidinone ring) forms a hydrogen bond with the 5th
nitrogen of 3rd guanine of DNA. In this configuration, the
group at 33-axial position (i.e., X-moiety) remains inclined
towards the phosphodiester bond of DNA and the possibility
of H- bonding cannot be ruled out. Since the changes in ac-
cessible surface area of interacting residues show a preferen-
tial binding of compound between G-C base pairs and bends
the DNA slightly in such a way that a part of the molecule
comes between the two base pairs of the minor groove of
DNA helix. The resulting relative binding energy of docked
steroidal imidazolidinone-DNA complexes was found to be
—309.38 to —342.71 kJ mol . This value is consistent with the
high binding constant obtained from spectroscopic
techniques.

In Vitro Cytotoxicity

The anticancer activity in vitro was measured using the 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide
(MTT) assay in which the conversion of the soluble yellowish
MTT to the insoluble purple formazan by active mitochondri-
al lactate dehydrogenase of living cells has been used to de-
velop an assay system for measurement of cell proliferation
[31]. The data reported in Table 1 suggests that the com-
pounds 7-9 depicted potential cytotoxicity against given cell
lines by showing effective ICso. The compound 7 depicted
1C50=9.55 uM, 9.51 uM and 9.37 uM against A545, HL-60
and A549, respectively. The compound 8 also depicted ICsy=
7.53 uM and 7.41 uM, 9.23 uM against A545, SW480 and
MCF-7, respectively. The compound 9 showed IC50>10 uM
against all cancer cell lines.

The overall anticancer activity of the compounds 7-9 may
be attributed due to the more hydrophilicity and more bio-
availability of steroidal imidazolidinones. From the Table 1
it is clear that compound 7 showed 1Cs( (9.55, 9.37 uM) more

A545 + 5-Fu A545 + Comp. 7

A545 + Comp. 8 A545 + Comp. 9

Fig. 6 Detection of DNA damage in A545 cells. Treated cells (24 h)
were layered over agarose gel, lysed, electrophoresed in alkaline buffer
and stained with propidium iodide

effective than that of 5-Fu (11.46, 12.67 uM) against A545
and A549 cell lines, respectively. The compound 8 also
showed potential ICsy (7.53, 7.41 uM) more effective than
that of 5-Fu (11.46, 10.31 uM) against A545 and MCF-7 cell
lines, respectively.

Comet Assay

In the comet assay [33], the images of A545 cells treated with
5-Fu and compounds 7-9 showed the formation of comets.
There was increase in tail length when treated with com-
pounds 7-9 (Fig. 6). Compound 8 and 7 showed maximum
apoptotic DNA damage among the three steroidal
imidazolidinones and even more apoptotic DNA damage than

300 -

2501

ﬁ) 2001

-§ 1501
i

100

50 4

0 rd
S5SFu 7 8 9
Concentration

Fig. 7 Diagram comparing the effect of steroidal imidazolidinones on
the tail length in comet assay. Graph showing the maximum effect of
compound 8 on the tail length in comet assay
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Fig. 8 FACS analysis of DNA from control and compound 8 treated A545 cells. (1) Control for 8, 2)4 pM 8, 3) 7 uM 8

the extent of 5-Fu. The DNA damage suggested that com-
pounds induced dose-dependent fragmentation of chromo-
somal DNA leading to apoptosis. The images of comet assay
for control, cells treated with 5-Fu (11.46 uM), 7 (9.55 uM), 8
(7.53 uM) and 9 (11.87 uM) are shown in Fig. 6. Slides were
analysed for parameter like tail length, using image analyzer
CASP software version 1.2.2. The results of the assay for tail
length are shown in Fig. 7.

Fluorescence-Activated Cell Sorting (FACS) Analysis of Cell
Cycle Arrest

FACS analysis of the control A545 cells show that 77.2 % of
the cells are in Go/G; phase, which is the growth phase before
replication; 20.6 % of the cells are in the S phase, which is the
DNA synthesis phase where DNA replication occurs and
2.2 % are in the G2/M phase where cell division occurs. Ste-
roid imidazolidinone concentration dependent cell cycle arrest
is shown in Fig. 8. It can be clearly seen from the figure that in
the presence of 4 uM of compound 8, the S phase of cell cycle
shows marginal reduction. It is important to note that in the
presence of 4 uM of the steroid imidazolidinone, no change in
sub G(/G; phase, which is a marker for induction of apoptosis,
is observed in the cell cycle. This indicates that 4 uM of the
compound 8 do not bring about apoptosis of A545 cells. In the
presence of 7 uM of compound 8 however, the S phase de-
creases to 13.8 % and the G,/M phase decreases to 1.04 %.
More importantly, at this concentration of the steroid
imidazolidinone, cell cycle analysis also shows 8.9 % of sub
Go/G; phase. Appearance of Gy/G; phase in the cell cycle
clearly indicates that 7 uM of the compound 8 bring about
apoptosis of A545 cells.

Conclusion
In summary the development and operationally designed sim-
ple strategy for the better synthesis of steroidal

imidazolidinones was successful. Absorption and fluores-
cence studies reveal the stabilization of the energy levels of

@ Springer

the complexes in presence of DNA. The DNA 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 inter-
actions can also be argued. From in vitro cytotoxicity screen-
ing, it is clear that steroidal imidazolidinones were found to be
potential cytotoxic agents in comparison with standard drug,
5-Flu. Potential apoptic, genotoxic nature and cell arrest be-
haviour of compounds was depicted by MTT assay, comet
assay and FACS analysis, 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 cyto-
toxic agents.
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