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Abstract

Dimethyltin(IV) complexes with ethanolamine (1) and biologically significant N—glycosides (2
and 3) were designed and synthesized. The structural elucidation of complexes 1-3 was done
using elemental and spectroscopic methods; in addition, complex 1 was studied by single crystal
X-ray diffraction studies. In vitro DNA binding profile of the complexes 2 and 3 was carried out
by employing different biophysical methods to ascertain the feasibility of glycosylated
complexes. Further, the cleaving ability of 2 and 3 was investigated by agarose gel
electrophoretic mobility assay with supercoiled pBR322 DNA, demonstrated significantly good
nuclease activity. Furthermore, both the complexes exhibited significant inhibitory effects on the
catalytic activity of human Topo I at lower concentration than standard drugs. The computer—
aided molecular docking techniques were carried out to ascertain the mode and mechanism of
action towards the molecular target DNA and Topo I. The cytotoxicity of the 2 and 3 against
human hepatoma cancer cells (Huh7) was evaluated, which revealed significant regression in
cancerous cells as compared with the standard drug. The antiproliferative activity of 2 and 3
were tested against the human hepatoma cancer cells (Huh7), results manifested significantly
good activity. Additionally, to validate remarkable antiproliferative activity of 2 and 3
complexes, specific regulatory genes expression (MMP-2 and TGF—f3) was obtained by real time
PCR.

* Author to whom correspondence is to be done.
Corresponding Author Tel. No. : +91 9358255791.

E-mail address: tsartaj62@yahoo.com.




Dalton Transactions

Introduction

Medicinal applications of metal complexes can be traced back to ancient times' with precious
metals like gold and silver but the development of cisplatin, cis—diamminedichloroplatinum(II)
spurred research interest in chemotherapeutic use of metal complexes for the treatment of
cancer. Cisplatin, antineoplastic activity was discovered serendipitously by Rosenberg? in 1969
and approved for the treatment of solid cancers worldwide® in 1978. Since then, a number of
metal-based chemotherapeutic agents have been designed and tested for their biomedical
applications. However, serious adverse effects, such as dose—limiting nephrotoxicity, peripheral
neuropathy, asthenia, myelosuppression and ototoxicity are known.* The intrinsic and acquired
drug resistance during treatment further limited the application of cisplatin.® These serious
limitations have prompted the search for unconventional chemotherapeutic strategies.

An emerging research area with considerable potential is organometallic medicinal chemistry.®
Organometallic compounds exhibit potent anticancer activity,” including compounds that
selectively inhibit enzymes,*® or used to label peptides or other biomolecules.'® Organotin(IV)
complexes have received considerable attention owing to their potent biocidal activities,

industrial and agricultural applications.'"'?

In the past decade, a large number of organotin
derivatives have been prepared and tested in vitro and in vivo against murine leukemia cell lines
(P388 and L1210) and on a panel of human cancer cell lines of different histological origin."*
While the organotin moiety is crucial for cytotoxicity, the ligand design also plays a key role in
transporting and addressing the molecule to the target.'' Now it is generally accepted that
organotin(IV) moieties, may bind to glycoproteins, or to cellular proteins, directly interact with

DNA, causing cell death by apoptotic mechanisms.”® The tin-based compounds exhibit

substantial binding to the phosphodiester backbone of DNA, change the intracellular metabolism
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of the phospholipids of the endoplasmic reticulum. ™ Recently, J. A. Ferragut, S. Gomez-Ruiz, et
al., demonstrated that the organotin(IV) complexes are not P-glycoprotein substrates which
strongly suggests that they do not induce acquisition of the undesirable multi -drug resistant
phenotypes associated with the overexpression of this protein.'* This is a notable property,
encouraging further investigations on the anticancer activities of these tin-based compounds in in
vivo systems.

The role of ligands is of considerable importance in tuning the cytotoxic characteristics of the
complex. Ligands can modify the reactivity, lipophilicity, oral/systematic bioavailability of metal
ions, stabilization of the oxidation state and substitutional inertness depending on the
requirements for chemotherapy.>'® Among these carbohydrates represent an excellent class of
tunable ligands for use in medicinal inorganic chemistry, they are often inexpensive, available in
enantiomerically pure form, naturally available and possess functional groups for modulation
according to the desired properties."®"” Furthermore, the potential benefit of appending
carbohydrate moiety to metal complex lies in the modulation of hydrophilicity or lipophilicity
which not only affects the cellular uptake of the compounds but also helps in their facile
transport at the molecular level.'®'® They are also known to interfere with carbohydrate—protein
interactions and can inhibit cell-cell recognition and adhesion phenomena, which are crucial in
cancer growth and progression.'” Moreover, there are several compounds in clinical use as
anticancer agents or in advanced clinical stage having a sugar moiety, e.g., the DNA strand
break—inducing compound bleomycin,?’ the alkylating agent glufosfamide,”' and the DNA
intercalator doxorubicin (trade name adriamycin).22

The aim of the present study was to investigate new N—glycoside organotin complexes for the

development of chemotherapeutic agents for treating cancers. Since the synthetic approach to
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attach a bioactive ligand moiety to metal complexes has proven promising for developing
efficacious drug entities and keeping in mind the various biological properties of carbohydrates,
we have designed and synthesized the organotin(IV) complexes with ethanolamine (complex 1)
and N-glycosides (complexes 2 and 3) and studied their interactions with CT DNA by
employing various biophysical techniques. The in vitro DNA binding, nuclease activity, and
Topo I inhibition activity showed capability of the complexes 2 and 3 of recognizing a specific
sequence in DNA groove to inhibit the expression of Topo I via endolytic DNA cleavage process
and thereby, control the replication of tumor cells. It is indeed gratifying to note that complexes 2
and 3 exhibited all the pre-requirements for efficient chemotherapeutic drug design which
include increased bio—activity due to multi—faceted binding modes (tin as an apoptotic director),
cleaving DNA, potent Topo I inhibitor activity and significantly good antiproliferative activity.
Results and discussion

The N—glycoside ligand was synthesized through condensation of D—glucose (2) and D—-maltose
(3) with ethanolamine using a similar method to that described earlier.**® The corresponding
complexes 2 and 3 were prepared by a direct reaction of the N—glycosidic ligands, with
dimethyltin(IV) chloride in methanol as reported earlier by our group with slight modifications.?®
The outline of the synthetic procedure of the ligands and its organotin(IV) complex are presented
in Scheme 1.

These complexes 1-3 were characterized by spectral studies using IR, NMR (‘H, *C and '"’Sn),
ESI-MS and elemental analysis. The products were isolated as yellow solids. In addition to
characterization by standard analytical methods, single crystal of the representative complex 1
was analyzed by X-ray diffraction.

Spectroscopic Studies
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The FT IR spectrum of the complex 1 exhibited band of 3(NH,) of the ethanolamine ligand at
1617 cm ™' and the appearance of signal at 472 cm ! attributed to v(Sn—O), which validated the
coordination of ethanolamine via oxygen atoms with organotin(IV) metal core. Furthermore,
infrared (FT IR) spectra of carbohydrate conjugate organotin(IV) complexes 2 and 3, displayed
merged and broadened characteristic bands of v(O—H) due to hydrogen bonding in carbohydrate
moieties in the range 3372-3356 cm . A moderate band at ca. 1631-1628 cm™' was assigned to
8(N-H) vibration of the glycosidic ligand.** The far IR spectra revealed absorption at ca. 440—
433 cm " attributed to v(Sn—0) vibration,® which confirmed the bonding of the oxygen atom of
the N—glycoside ligand to the tin metal center.

The multinuclear (‘"H, °C and '"Sn) acquired in DMSO (1)/D,0 (2 and 3) showed functional
group signatures as expected. In the '"H NMR spectrum of complex 3 exhibited two doublets for
two protons of each —-OCHO—- and —-OCHN- at 5.37 and 5.19 ppm, respectively. A broad peak
was found at 4.65 ppm associated with NH, protons of complex 1. The characteristic skeletal
protons of the N—glycoside moieties were obtained as multiplets around 3.99-3.02 ppm, for
complexes 2 and 3. The "H NMR spectra of the complexes 1-3 revealed singlet signals at 0.82—
0.75 ppm attributed to the protons associated with the two methyl groups attached to Sn(IV)
metal core. The "H NMR chemical shift assignment of the dimethyl tin moiety can be estimated
from the multiplicity pattern and the %/ [''’Sn, "H] coupling constant values. The dihedral C—Sn—
C angles were calculated by applying Lockhart’s equation (I).?

0=(0.0161) A)* —(1.32) AN+ 1334 (D)

The %J['"*Sn,'H] coupling constant values of the complexes 1-3 were found to be 101.4, 101.8
and 102.1 Hz, respectively. The dihedral C—Sn—C angles were found to be 165.1° for 1 which is

in very close proximity with experimental value of 164.8° (crystallographic data), 165.8° for 2
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and 166.4° for 3, all the results were consistent with hexacoordinated environment around the Sn
atom.
The *C NMR spectra of the complexes 1-3 explicitly resolved the resonance of all the distinct
carbon atoms. The characteristic peaks associated with sugar resonances were observed in the
range of 98.00—60.77 ppm for monosaccharide moieties of the complexes 2 whereas *C NMR
pattern of disaccharide moiety showed the signals around 100.49-52.64 ppm. The *C NMR
spectra of all the complexes showed signals at ca. 58.0 and 41.8 ppm for 1, 51.2 and 39.3 ppm
for 2 and 49.4 and 37.3 ppm for 3, attributed to the two linking C—atoms of the 2-hydroxy
ethylamine based linker.”® Since 'J(*'*Sn—"2C) coupling can also be used for determination of C—
Sn—C bond angle. The coupling constants for the complexes 1-3 were found to be 'J(*C-""Sn)
= 1012 Hz, 1019 Hz and 1023 Hz, respectively. Thus, the C—Sn—C (0) angle in solution is
calculated by applying Lockhart’s equation (II) was obtained as 165.5°, 166.1° and 166.5°,
respectively.

0=['J("""Sn-"C) +875]/ 11.4 (1D)
In all cases, the data revealed distorted octahedral tin center and validated the above findings.
Furthermore, the ''”Sn NMR spectra of the complexes 1-3 displayed chemical shift signals at —
225.1,-208.1 and —142.6 ppm, which further confirmed the octahedral geometry of Sn(IV) metal
core.
Single crystal X —ray Crystallography
The ORTEP view of the structure of the organotin(IV) complex, SnEA (1), along with the atom
numbering scheme, is shown in Figure 1. The crystallographic data are given in Table 1.The
organotin(IV) complex 1, crystallizes as a monoclinic crystal system with space group Cc (Z =

4). The coordination geometry around Sn(IV) is pseudo—octahedral, in which C1—Sn1—C2 =

6
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164.8 (5)°; angle deviates markedly from the ideal value of 180°. The angles O2—Sn1—CIl1 and
O1—Sn1—CI2 are 177.2(5)° and 176.4(4)°, respectively. The angles C1-Sn1-O1, O1-Sn—02,
C1-Sn—ClI1 and C1-Sn—CI2, were 86.7(6)°, 87.8(3)°, 97.8(6)° and 92.9(5)°, respectively deviate
by around +4-8° from the 90° expected for a perfect octahedral geometry. The Sn(IV) core was
coordinated with two oxygen’s (Sn1—01, 2.339(14) A; Sn1-Sn02, 2.385(13) A), two chlorides
(Sn1—Cl1, 2.491(5) A; Sn1-ClI2, 2.496(6) A) and two methyl groups (Snl1—-C1, 2.09 (2) A;
Sn1—C2,2.126 (18) A).

In vitro DNA Binding Studies

In understanding the mechanism of tumor inhibition for the treatment of cancer, DNA is the
primary intracellular target of antitumor drugs, thus metallodrug—DNA interaction is of
paramount importance. Coordination compounds offer many binding modes to polynucleotides,
including outer—sphere non—covalent binding, metal coordination to nucleobases and phosphate
backbone interactions. Therefore, in order to have an insight on the binding propensity and
binding mode, interaction of complexes 1-3 with calf thymus DNA (CT DNA) was analyzed by
using different biophysical techniques such as absorption and emission spectral studies.
Electronic absorption titration

Electronic absorption spectroscopy is one of the most common ways to investigate the
interactions of complexes with DNA followed by the changes in the absorbance and shift in the
wavelength. DNA binding ability of all the complexes 1-3 was evaluated by electronic
absorption spectroscopy by studying metal complex—DNA interactions. In the UV region, the
complexes 1-3, exhibited intense absorption bands around 236-238 nm attributed to intraligand
transitions. Fig. 2 illustrates the respective absorption spectral changes of complexes 2 and 3 in

absence and presence of CT DNA.
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Binding of the complexes to DNA is expected to perturb the ligand centered transitions of
complexes. Upon the addition of increasing amounts (0.067—0.33 x 10™* M) of CT DNA to
complexes 1-3 of fixed concentration (0.067 x 10™* M), there was an increase in the absorption
intensity “hyperchromaticity” followed by concomitant red shift of 2—-3 nm which arises due to
the preferential binding of the pre—dissociated Sn(IV) to nucleotides via, phosphate groups of
DNA. Since Lewis acidic Sn(IV) cation exhibit tendency to exchange their coordinated ligand
on addition of electron donor atoms (solvent molecules) or by the coordination to the
nucleotides.” Moreover, the affinity of Sn(IV) with negatively charged phosphate group is very
strong because of its hard Lewis acidic property ,the intrinsic binding constant K, values
obtained for the complexes 1-3, were of the order 2.4 x 104, 8.8 x 104, 16.0 x 10* M_l,
respectively with a mean standard deviation of + 0.02. These Ky, values were compared to the
cisplatin and our observation revealed that K, values of 2 and 3 were greater in magnitude to that
of the cisplatin (5.73 +0.45 x 10*°M™) as reported in literature.*® Furthermore, complexes 2 and 3
possess a sugar scaffold viz., N—glycoside, which is lipophilic in nature and encourage affinity
for the DNA groove binding.*' These results suggest that the complex 3 is more avid DNA
binder as compared 2. This can also attributed to the extra stabilization due to hydrogen bonding
between -NH and —OH of N—glycosides with the functional groups positioned on the edge of
DNA bases as it provides molecular recognition at the specific site of the cellular target.**
Luminescence studies

To further elucidate the mode of binding of organotin complexes 1-3 with CT DNA,
fluorescence spectral methods were employed by following the changes in the emission intensity
of the complexes. In absence of DNA, emit luminescence around 262 nm in Tris—HCI buffer pH

7.2 when excited at 238 nm. Fixed volume (1.0 x 10™* M) of the studied complexes 1-3 was

8
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titrated with increasing concentration of CT DNA in the range from (0-0.40 x 107 M),
respectively. The enhancements in the emission intensity of 2 and 3 with increasing CT DNA
concentration are depicted in Fig. 3.

The observed enhancement could be due to relatively non—polar environment of the bound metal
complex in the presence of DNA, such that the complexes were less deeply inserted inside the
hydrophobic pockets or grooves of CT DNA. Cationic complexes usually bind to DNA non—
covalently as the cationic core of the complexes exerts a strong electrostatic attraction to the
anionic phosphate backbone of DNA thus precluding substantial overlap with the base pairs
leading to higher emission intensity indicative of electrostatic binding of the probe to the DNA.
Sn(IV) complex interacts with the phosphate group of DNA, and cause the contraction and
conformational change of DNA helix, due to the fact that phosphate group can provide the
suitable anchors for coordination with Sn(IV) complexes and consequently results in breakage
of the secondary structure of the DNA. However, the presence of carbohydrate in a drug is
important in molecular recognition at the specific site of DNA and has profound effect on
biological activity. This effect was first studied in a family of anthracycline antibiotics, ** which
showed that carbohydrate makes the van der Waal’s contacts with the minor groove of the DNA.
In addition to electrostatic interactions, other kinds of forces involving non—polar interactions
between carbohydrates cannot be excluded.*® Therefore, the above results indicate that
complexes 2 and 3 may first bind with the phosphate group of DNA, neutralize the negative
charge of DNA phosphate group, and cause the contraction and conformational change of DNA.
To quantify the extent of DNA binding, the intrinsic binding constant (K;) of the complexes 1-3
were determined using Wolfe—Shimer equation.*® The Ky, values were found to be 1.1 x 10°, 1.4

x 10%,2.5 x 10* M, respectively.
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Effect of phosphate group on the binding of complexes with CT DNA

To further investigate the selective binding site of the complexes 2 and 3 with CT DNA, the
fluorescence titrations were performed in the presence of K,HPO, at 25 °C (Fig. 4).With
increasing amount of K;HPOy, fluorescence intensity of the complexes 1-3 increase appreciably
demonstrating a competitive binding behavior between the phosphate group of K,HPO, and the
phosphate component of DNA backbone.** Therefore, the phosphate group of K,HPO,4 weakens
the interaction between the complexes and DNA, this observation provides supportive evidence
for electrostatic interaction of the complexes 1-3 which bind selectively to the phosphate group
of DNA double helix.** However, the enhancement in the intensity of complexes followed the
order 3 > 2 > 1, can be attributed to increase in hydrophobicity of the complexes 1-3 because of
the linked carbohydrate moieties. These observations provided supportive evidence for
electrostatic interaction of the Sn(IV) complexes which exhibit selective binding to the
phosphate group of DNA double helix. Furthermore, there is a strong evidence in literature for
Sn(IV)-phosphate binding which is validated by binding studies of Sn(IV) complexes with
nucleotides employing NMR techniques.*’

Effect of ionic strength on the binding of complexes with CT DNA

Furthermore, to understand the binding mode between the molecule and DNA, fluorescence
titrations were carried out under the conditions of increasing ionic strength through added
amounts of NaCl. The fluorescence intensity of the studied complexes 1-3 was appreciably
quenched with increasing ionic strength as depicted in Fig. 5.

These significant quenching in fluorescence intensity indicate that a cation viz., Na" can bind to
phosphate group of the DNA by electrostatic forces to form a cation atmosphere around DNA.

The presence of cationic environment shields DNA and inhibits the binding of the positively

10
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charged molecules to the DNA phosphate backbone. Moreover, this invokes a competitive
interaction for the phosphate anions and subsequent addition of the cations weaken the surface
binding interactions and hydrogen bonding between DNA and molecule. Therefore, the results
implicate that the complexes 1-3 predominantly binds to DNA phosphate backbone by
electrostatic interactions.*®

DNA cleavage studies

There has been considerable interest in DNA endonucleolytic cleavage reactions that are

3940 To ascertain the ability of the complexes 2 and 3 to serve as

activated by metal complexes.
potential metallonuclease, the DNA cleavage were performed with pBR322 DNA incubated with
varying concentration of the complexes in SmM Tris—HC1/S0mM NaCl buffer at pH 7.2, for 1h
by agarose gel electrophoresis.*' Gel electrophoretic pattern of complexes 2 and 3 were obtained
(Fig. 6a and b), due to their high binding ability for DNA as evidenced by UV, fluorescence
studies. Initially in the untreated pBR322 plasmid DNA (control, Lane 1) one band
corresponding to Form I (supercoiled form) was observed. When the supercoiled pBR322
plasmid DNA were treated with the 10 uM of both the complexes 2 and 3, the supercoiled DNA
(Form I) was cleaved to nicked circular DNA (Form II) without the appearance of linear DNA
form (Form III) (Lanes 2 and 3), respectively. With increasing concentration of the complexes 2
and 3 from 20-50 uM, obtained characteristic patterns for Sn(IV) complexes viz., the appearance
of faded bands and provides a measure of the extent of hydrolysis of the phosphodiester bond of
DNA. Furthermore in complex 2, adduct formation is made discernible by the EthBr (used to
stain DNA) bound to it at a concentration of 20 uM but on further increase in concentration,

formation of adduct was reduced to a significant extent.

Human Topo I inhibition
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Topoisomerases are over—expressed in many types of cancers and thus are major targets for
antineoplastic agents such as doxorubicin, etoposide, and mitoxantrone.*** Topoisomerases
are isomerase enzymes that change the topology of DNA by introducing a transient break in the
DNA strand, allowing a second DNA region from either the same molecule (relaxation, knotting,
or unknotting) or a different molecule (catenation or decatenation) to pass through. During this
process, the enzymes are covalently bound to the DNA via an active tyrosine residue, termed
“cleavable complex”. After the DNA is untangled or unwound, the strands are reannealed by the
enzyme so that the overall composition of the DNA strand does not change. DNA
topoisomerases are participating in nearly all biological processes involving DNA including
replication, transcription, recombination, and chromatin remodeling.***> This DNA—damaging
effect, outside of its potentially curative properties, may lead to secondary neoplasms in the
patient. Thus, DNA cleavage assay was used to investigate the effect of complexes 2 and 3 on
the activity of human Topo I by agarose gel electrophoresis. This assay provides a direct means
of determining whether the drug affects the unwinding of a supercoiled (SC) duplex DNA to
nicked open circular (NOC) and relaxed (R) DNA. The activity pattern showed significant
inhibition in a concentration—dependent manner.

As shown in Fig. 7, upon increasing the concentration of complexes 2 and 3 (20—40 puM), the
levels of relaxed form were inhibited (lanes 3—6). At 40 uM the DNA relaxation effect caused by
Topo I was completely inhibited by complex 2 whereas about 90% inhibition was perceived by
3. The Topo I inhibitory activity of complexes 2 and 3 was significantly higher than some of the
classical Topo I inhibitors used as antitumor drugs in clinic (Table 2).***

MTT Assay

12
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The in vitro cytotoxicity assay for complexes 2 and 3 was assessed using the method of MTT
reduction. Cisplatin was used as a positive control. After treatment of human hepatoma cancer
cells (Huh7) for 48 h with complexes 2 and 3, in the range of concentration (0-50 puM). The
inhibitory percentage against growth of cancer cells was determined. The cell viability (%)
obtained with continuous exposure for 48 h are depicted in Fig. 8. The cytotoxicity of complexes
was found to be concentration-dependent. The cell viability decreased with increasing the
concentrations of complexes 2 and 3. The ICsy value was ~30-35 uM for both the complexes.
Antiproliferative activity

The growth—inhibitory effect of complexes 2 and 3 was examined on human hepatoma cancer
cells (Huh7). The complexes were analyzed for the antiproliferative activity and expression of
different genes involved in cancer. To test in vitro antiproliferative effect of 2 and 3 on
hepatocellular carcinoma cell lines (Huh7), treatment dose was optimized to avoid cell
cytotoxicity. Huh7 cells were seeded at the same density and subjected to optimum dose of this
compound along with control in six well plates. The optimized dose was used to treat at 0 h and
antiproliferative effect was analyzed at different time 0, 24 and 48h (Fig. 9). The complexes 2
and 3 significantly reduce the cell doubling time as well it showed limited cytotoxicity. Thus, our
antiproliferative data confirmed the role of complexes 2 and 3 in reducing the cell doubling time
and hence proliferation.

Expression of MMP-2 and TGF-f by real time PCR

To get further insight on significantly good antiproliferative activity complexes 2 and 3, the level
of expression of MMP-2 and TGF—3 was measured by real time PCR.

Effect on tumor promoting MMP-2 gene

13
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Tumor cell invasion and metastasis involve multiple steps, including proteolytic degradation of
the basement membrane and extracellular matrix, altered cell adhesion and the physical
movement of tumor cells. The excessive degradation of the matrix is one of the hallmarks of
tumor invasion and metastasis.* Matrix metalloproteinases (MMPs) belong to important family
of proteolytic enzymes involved in extracellular matrix degradation. Several studies have

50-52 Therefore

reported a positive correlation between MMP-2 and invasion of malignant tumors.
we have tested and analyzed complexes 2 and 3 on the transcriptional regulation of MMP-2. The
cells treated with optimized concentration of complexes 2 and 3, along with vehicle control only
were subjected to total cellular RNA isolation. The total cellular RNA was collected and
analyzed for the expression of MMP-2 mRNA levels. Our results indicated that Huh7 cells
treated with complexes 2 and 3 significantly reduce the expression of MMP—-2 mRNA levels
(Fig. 10a). These findings establish that the carbohydrate—conjugate organotin complexes 2 and 3
have antiproliferative and anticancer effects. However, the effect of complex 2 is slightly higher
in comparison to 3, may be attributed to the more significant role of monosaccharides compared
to disaccharide moieties associated with the complexes.

Effect on transforming growth factor—p (TGF-p)

Transforming growth factor—3 (TGF—p) is a pleiotropic cytokine that regulates cell proliferation,

53-55

angiogenesis, metastasis, and immune suppression. TGF-P has biphasic effect in tumor

growth; carcinogenesis and early tumor growth are suppressed by TGF—3 whereas this growth
factor apparently accelerates tumor progression in more advanced aggressive tumors.’'™
Therefore, we have investigated how complex 2 and 3 effect the mRNA expression in

hepatocellular carcinoma cell line. We found that both complexes do not have significant effect

on the enhancement of the mRNA expression of TGF—f (Fig. 10b). The results of expression of

14
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MMP-2 and TGF— obtained by real time PCR recommends the involvement of MMP-2 gene in
the antiproliferative effect.

Molecular Docking

Molecular docking with DNA

Molecular docking technique is an attractive scaffold to understand the Drug—DNA interactions
in rational drug design, as well as in the mechanistic study by placing molecule into the binding
site of the target specific region of the DNA mainly in a non—covalent fashion and to predict the
correct binding mode and binding affinities.® Targeting the minor groove of DNA through
binding to a small molecule has long been considered an important tool in molecular recognition
of a specific DNA—sequence.”’ In our experiment, rigid molecular docking studies of complexes
2 and 3 with DNA duplex of sequence d(CGCGAATTCGCG), dodecamer (PDB ID: 1BNA)
were performed in order to predict the chosen binding site along with preferred orientation of the
chemical species inside the DNA minor groove. The minimum energy docked pose (Fig. 11)
revealed that complexes snuggly fitted into the curve contour of the targeted DNA in the minor
groove, within G—C (~13.2 A) region, which slightly bends the DNA in such a way that the
saccharine moiety makes favorable van der Waals interaction and hydrophobic contacts with
DNA functional groups that define the stability of groove. Moreover, —OH groups of the
complexes acts as strong H-bond donor or acceptor and were engaged in hydrogen—bonding
interactions with DNA nucleobases available in the minor grooves. The resulting relative binding
energy of docked complexes 2 and 3 with DNA were found to be —272.4 and —324.3 KJ mol™
respectively, correlating well with the experimental DNA binding values. Thus, we can conclude

that there is a mutual complement between spectroscopic studies and molecular docking
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techniques, which can substantiate our experimental results and at the same time provides further
evidence of groove binding.

Molecular docking with topoisomerase-I

To study the molecular basis of interaction and rationalize the observed enzymatic activity,
molecular docking studies of complexes 2 and 3 with Topo I were carried out to search the exact
binding site. The X-ray crystallographic structure of the human—-DNA-Topo I complex (PDB
ID: 1SC7) revealed that the Topo I is bound to oligonucleotide sequence 5'—
AAAAAGACTTsX-GAAAATTTTT-3', where ‘s’ is 5-bridging phosphorothiolate of the
cleaved strand and ‘X’ represents any of the four bases A, G, C or T. The phosphoester bond of
G12 in 1SC7 was rebuilt and SH of G11 on the scissile strand was changed to OH.*® The
analysis of best docked conformation (Fig. 11) revealed that both complexes 2 and 3 approaches
towards the DNA cleavage site in the DNA—topo I complex and forming a stable complex
through n—m stacking interactions between the G11 (+1) and pyrimidine ring of T10 (-1) in the
minor groove on the scissile strand at C112 and A113, on the non—scissile strand, parallel to the
plane of base pairs without having hydrogen bonds with the enzyme, subsequently leading to
inhibitory effect on Topo 1.*°

The insertion of complexes between the DNA base pairs at the cleavage site results in increased
physical distance between the cleaved DNA termini and consequently inhibition of the religation
step catalyzed by Topo I. The resulting relative binding energy of Topo I docked complexes 2
and 3 were found to be —322.8 and —353.3 KJ mol ™' respectively, which revealed efficient
binding of the complexes. Thus, computer—aided molecular docking studies afford valuable
information of drug binding mode in the active site of DNA—topo I leading to the rational design

of new classes of anticancer drugs targeting Topo 1.
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Experimental section

Materials and Methods

Glucose, maltose, dimethyltin dichloride, disodium salt of calf thymus DNA (highly polymerized
stored at 4 °C), agarose, (Sigma—Aldrich), ethanolamine, Tris(hydroxymethyl)aminomethane (E.
Merck), and supercoiled pBR322 DNA (Genei) were used as received. Microanalysis (C, H and
N) were carried out with a Carlo Erba Analyzer Model 1108. Molar conductances were
measured at room temperature on a Eutech CON 510 conductivity bridge. Interspec 2020 FTIR
spectrometer was used for recording IR spectra of KBr pellets in the range of 4000-400 cm .
Specific rotation was measured on a JASCO P-1020 (Jasco International Co., Ltd., Tokyo,
Japan) digital polarimeter with a 10 cm optical length cell at 25 °C. 'H, °C and '"’Sn NMR were
recorded on Bruker Avance II 400 NMR spectrometer at 25 °C. The collected data were reduced
by using the program SAINT,® and empirical absorption corrections were done using the
SADABS.*'The structure was solved by direct methods and refined with the full-matrix least
squares techniques using SHELX-97.%% The positions of all atoms were obtained by direct
methods. Anisotropic thermal parameters were assigned to all non—hydrogen atoms and the
remaining hydrogen atoms were placed in geometrically constrained positions and refined as
riding atoms with a common fixed isotropic thermal parameter. ORTEP 3 was used to produce
graphical representation.%?

Electronic spectra were recorded on UV-1700 PharmaSpec UV-vis spectrophotometer
(Shimadzu). Electrospray mass spectra were recorded on Micromass Quattro II triple quadrupol
mass spectrometer. Emission spectra were determined with a Shimadzu RF 5301 PC

spectrofluorophotometer. Cleavage experiments were performed with the help of Axygen
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electrophoresis supported by Genei power supply with a potential range of 50-500 Volts,
visualized and photographed by Vilber—INFINITY gel documentation system.

Synthesis and characterization

Synthesis of SnEA complex (1)

To a solution of dimethyltin(IV) dichloride (0.219 g, 1 mmol) in dry dichloromethane (10 mL)
was added ethanolamine ( 0.12 mL, 2 mmol) drop wise and allowed to stir for 2h and then
filtered. The filtrate was kept for evaporation at room temperature and crystalline material was
formed, which was filtered, washed with hexane and ether, and dried in vacuo. Recrystallisation
in dry ethanol gives rise to colorless single crystals. Yield: 0.30 g, 89 %; m.p. = decompose at
300 °C; anal. calc. for C¢Hz0CILN,O,Sn (341.7): C 21.07; H 5.90; N 8.19; found: C 21.20; H
5.32; N 8.23; ESI-MS m/z {in DMSO, calcd (observed)} for [CsH20Cl,N,O,Sn]: 341.7 (341.7);
FT IR (KBr pellets) cm™: 1617 §(NH,); 472 v(Sn—-0); '"H NMR (400MHz, DMSO, ppm): 4.65
(br, —-NH,, 4H), 3.77-3.69 (m, HOCH,, 4H), 2.90-2.84 (m, CH,NH,, 4H), 0.82 (s, CH3, 6H
[2J(""Sn—"H) = 101.4 Hz, 2J("""Sn—"H) = 99.2 Hz, SnCH;)]; *C NMR (100MHz, DMSO, ppm):
58.0(CH,-0), 41.8(CH,-N), 15.3(CH;Sn) ['J(*"Sn-"C) = 1012 Hz, 'J(*'"Sn-"*C) = 1009 Hz,
SnCH;)]. '"’Sn NMR (149MHz, DMSO, ppm): —225.1.

Synthesis of GSnEA complex (2)

To a methanolic solution (10 mL) of N—glycoside synthesized by a reaction between D—glucose
(0.360 g, 2 mmol) and ethanolamine (0.12 mL, 2 mmol) in methanol at 60 °C for 1h, was added
dimethyltin(IV)dichloride (0.219 g, 1 mmol) in dry ethanol (5 mL) drop wise and allowed to stir
for 4h. Light brown color product was obtained, washed with hexane and ether, and dried in
vacuo. Yield: 0.39 g, 58%; m.p. = hygroscopic. [a]p> = +58.6 (10~ M, H,0). Anal. calc. for

Ci1sH40CLN2O128n (665.9): C 32.44; H 6.05; N 4.21; found: C 32.49; H 5.75; N 4.21. ESI-MS
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m/z {in H,O, calcd (observed)} for [C;sH4Cl2N,O1,Sn + 2H+]: 667.9 (667.9). FT IR (KBr
pellets) cm 1. 3372 br, v(OH); 1631 8(N-H of N—glycoside); 1450 6(OCH, CH,, CCH); 1336,
1019 v(CO); 1062 v(CO, CC); 434 v(Sn-0); 'H NMR (400MHz, D,0, ppm): 3.99-3.02 (m, —
CH,, -CH, -OCHC-, -NCHC-, OH, NH, 24H), 1.44-1.40 (m, CH,, 4H), 1.26—1.21 (m, CHa,
4H), 0.77 (s, CHs, 6H) [2J(*"’Sn—"H) = 101.8 Hz [%J('""Sn—"H) = 98.0 Hz, SnCH;)]; °C NMR
(100MHz, D,0, ppm): 98.0 (C1), 87.8 (C2), 80.6(C3), 75.9, 74.4(C5), 71.2, 69.6(C4), 62.5, 61.5
(C6, CH,OH of sugar moiety), 60.8 (CH,—O, linker), 33.3(CH,—N, linker), 13.0(CH3;Sn)
['J('"”Sn-"2C) = 1019 Hz, 'J(''’Sn-"C) = 1017 Hz, SnCH5)]. '"’Sn NMR (149 MHz, D,O,
ppm): —208.1.

Synthesis of MSnEA complex (3)

This complex was prepared from D-maltose (0.684 g, 2 mmol). According to the procedure
described above for complex 2. Light brown color product was obtained, washed with hexane
and ether, and dried in vacuo. Yield: 0.52 g, 53 %; m.p. = hygroscopic. [a]p> =+ 143.2 (10~ M,
H,0); anal. calc. for C30HgoClN2028n (990.0): C 36.36; H 6.11; N 2.83; found: C 36.40; H
5.88; N 2.81. ESI-MS m/z {in H,0, calcd (observed)} for [C3;0HsCLLN,02Sn + 2H+]: 992.0
(991.5). FT IR (KBr pellets) cm : br, 3356 (OH), 1628 [8(N-H of N —glycoside)], 1441
[8(OCH, CH,, CCH)], 1334, 1016 [ v(CO)], 1068 [ v(CO, CC)], 440 [ v(Sn—0)]. 'H NMR
(400MHz, D,O, ppm): 5.37-5.36 (d, -OCHO-, 2H), 5.19-5.18 (d, -OCHN-, 2H), 3.98 -3.08
(m, -CH,, —CH, —OCHC-, -NCHC-, OH, NH, 32H), 1.48-1.46 (m, CH,, 4H), 1.31-1.29 (m,
CH,, 4H), 0.71 (s, CHs, 6H) [2J('"Sn—"H) = 102.1 Hz, 2J(*""Sn—"H) = 98.8 Hz, SnCH3)]; "*C
NMR (100MHz, D,0, ppm): 100.5 (C1"), 97.7, 95.4 (C1), 82.2 (C3), 74.0 (C5), 72.7 (C4), 72.3

(C2), 71.6(C2"), 70.9, 69.5 (C3'), 69.3, 68.7 (C5'), 63.9, 61.5 (C4"), 60.4(C4"), 57.5 (C6), 56.1
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(C6'), 49.7 (CH,-O, linker), 33.3 (CH,—N, linker), 13.0 (CH;Sn) [ 'J('"Sn —"°C) = 1023 Hz,
LJ("'7Sn —1*C) = 1020 Hz, SnCH;)]. '"’Sn NMR (149MHz, D,O, ppm): —142.6.

DNA binding and cleavage studies

DNA binding experiments that include absorption spectral studies, fluorescence conformed to

the standard methods®>**%°

and practices previously adopted by our laboratory.*** Standard
error limits were estimated using all data points.

Cleavage experiments of supercoiled pBR322 DNA (300 ng) by the complexes 2 and 3 (5.0-25.0
puM) in (SmM Tris—HCI/50 mM NaCl), buffer at pH 7.2 were carried out by agarose gel
electrophoresis. The samples were incubated for 1h at 37 °C. A loading buffer containing 25%
bromophenol blue, 0.25% xylene cyanol, 30% glycerol was added and electrophoresis was
carried out at 30 V for 3 h in Tris—HCI buffer using 1% agarose gel containing 1.0 pg/mL
ethidium bromide (EthBr). The standard protocols were followed for these experiments.
Topoisomerase I inhibition assay

Human DNA topoisomerase I (Topo I) was purchased from CALBIOCHEM and no further
purification was performed. One unit of the enzyme was defined as completely relax 1 pg of
negatively supercoiled pBR322 DNA in 30 min at 37 °C under the standard assay conditions.
The reaction mixture (20 pL) contained 35 mM Tris—HCI (pH 8.0), 72 mM KCI, 5 mM MgCl,, 5
mM DTT, 2 mM spermidine, 0.1 mg/mL BSA, 1 pg pBR322 DNA, 1 Unit Topo I and
complexes. These reaction mixtures were incubated at 37 °C for 30 min, and the reaction was
terminated by addition of 4 uL of stock solution consisting of 0.25% bromophenol blue, 4.5%
SDS and 45% glycerol. The samples were electrophoresed through 1% agarose in TBE at 30 V

for 5h. The concentration of the inhibitor that prevented 50% of the supercoiled DNA from being
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converted into relaxed DNA (ICsy values) was calculated by the midpoint concentration for
drug—induced DNA unwinding.

MTT assay

For the study of cell viability, 5 x 10° cells were plated in each well of a flat-bottom 96-well
culture plate and incubated for 24 h treatment to different concentration (0 - 50 uM of complex 2
and 3 for 48 h), the cells were treated with 10 mL 3-(4,5-di-methyithiazol-2-yl)-2,5-diphenyl-
2H-tetrazolium bromide (MTT) and incubated for 3 h at 37° C in a humidified incubator
containing 5% CO,. To dissolve the cells, we used 100 mL of DMSO and measured the resulting
solutions absorbance at 570 nm by microplate reader (Elisa Biotek). DMSO was used as the
solvent control. Data were collected for duplicates and used to calculate the respective means.

The percentage inhibition was calculated, from this data, using the formula:

Mean absorbance of untreated cells (control) — Mean absorbance of treated cells x 100

Mean absorbance of untreated cells (control)
The 1Csp value was determined as the concentration of the complexes that is required to reduce
the absorbance to half that of the control.
In vitro antiproliferative Activity
Cell culture and treatment
Human hepatoma cell line Huh7, was grown in Dulbecco’s modified Eagle’s medium (DMEM,
Gibco—BRL) supplemented with 10% fetal bovine serum (FBS, Gibco-BRL) and 10 pg of
gentamycin mL™" at 37°C in 5% CO,. In the treatment group, Huh7 cells treated for 48 h with
test complexes 2 and 3, at final concentration of 35 puM, along with vehicle control alone
(DMSO).
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Cell proliferation assay

Huh7 cells were plated in quadruplicate at a density of 60,000 cells/well in 2 mL of respective
culture media in six well plates. Cells were grown in the regular medium with 5% FBS in the
control and treated with complex. Cell growth curve was analyzed at dose of (35uM). Cells were
trypsinized, and the number of viable cells was determined by 0.4% trypan blue and counted at
different time points starting from day 0 to 48 h, using a Coulter Counter (Model ZF; Coulter
Electronics, Hertfordshire, UK).

Quantitative real time RT-PCR

Total cellular RNA from control and treated (complexes 2 and 3) Huh7 cells were extracted
using Trizol (Invitrogen Life Technologies) according to manufacturer’s protocol. Two
micrograms of total RNA was used for reverse transcription for cDNA preparation. The cDNA
was then used to quantify different genes by real time PCR (Applied Biosystem, 7500 Real Time
PCR system). The primers used to quantify different genes are mentioned in Table 3.

Statistical analysis

Results were analyzed as the mean £SEM, and comparisons of the experimental data were by
two tailed independent sample student’s t—test. P value of <0.05 was considered statistically
significant.

Molecular docking

P is an

The rigid molecular docking studies were performed by using HEX 6.1 software,%’
interactive molecular graphics program for calculating and displaying feasible docking modes of
a pairs of protein, enzymes and DNA molecule. Structures of the complexes were sketched by

CHEMSKETCH (http://www.acdlabs.com) and convert it into pdb format from mol format by

OPENBABEL (http://www.vcclab.org/lab/babel/). The crystal structure of the B-DNA
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dodecamer d(CGCGAATTCGCG), (PDB ID: 1BNA) and human—-DNA—topo I complex (PDB
ID: 1SC7) were downloaded from the protein data bank (http://www.rcsb.org./pdb). All
calculations were carried out on an Intel Pentium 4, 2.4 GHz based machine running MS
Windows XP SP2 as operating system. Visualization of the docked pose has been done by using
CHIMERA (www.cgl.ucsf.edu/chimera) and PyMol (http://pymol.sourceforget.net/) molecular
graphics program.

Conclusion

Herein, we have designed and synthesized new organotin complexes 1-3 with an aim to explore
their potential chemotherapeutic applicability as organotin(IV) complexes in cell biology offer
diverse opportunities for manipulating biological processes. Initially, the binding behaviors of
the complexes with CT DNA have been investigated using absorption and fluorescence
spectroscopy, exhibited the strong binding of the complexes GSnEA (2) and MSnEA (3) to CT
DNA via electrostatic interaction mode that preferentially involves the phosphodiester backbone.
The artificial nuclease activity was ascertained by gel electrophoretic mobility assay; the
complexes 2 and 3 displayed efficient cleavage activity of plasmid pBR322 DNA. Both the
complexes displayed significantly good Topo I inhibition activity as compared with some
standard drugs. Additionally, molecular docking studies were performed with molecular target
DNA and the active site of Topo I enzyme, in order to validate the experimental results.
Furthermore, both the complexes have been tested against a human hepatoma cancer cell line
showed good antiproliferative activity and significantly inhibit the expression of MMP-2 mRNA
levels. Thus, it emerges from the present study that the water—soluble carbohydrate—based
organotin complexes can act as an efficacious antiproliferative drug by inducing morphological

changes consistent with the induction of apoptotic cell death.
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Table 1: Crystal data and structure refinement parameters for SnEA complex.

Compound
CCDC No.
Empirical formula
Formula weight

T (K)

£(A)

u (mm )

Crystal system
Space group

a(A)

b (A)

c(A)

Q)

V (A%

Z

Dcalc (mg/ 1’1’13)
Radiation type k (A)
F(0 00)

Crystal size (mm)
Crystal colour, shape
Scan range 0 (°)
Index ranges

No. measured reflections

No. independent reflections

Rint

No. refined parameters

No. observed reflections, 1 > 2o (1)
Goodness —of —fit on FZ, S

R[F’ > 20 (F)], wR(F?)

max, min electron density (eA )

Dalton Transactions

SnEA (1)
969131
C6H20C12N2028n
341.85

100 K

0.71073 A

2.01

Monoclinic

Cc

17.228 (3)
8.8924 (13)
12.8756 (19)
129.374 (2)°
1524.8 (4)

4

1.489

Mo Ka

680
0.27 x 0.19 x 0.15
colourless, block

2.8-26.1
—20<h<21
-10<k<10
-15<1<15
4081

2118

0.018

143

1997

1.14

0.046, 0.151
1017, —0.74
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Table 2: Inhibitory effects on topoisomerases Ia of complex 2 and 3 and some reported Topo |

Inhibitors.

Dalton Transactions

Drug Inhibitory activity (ICs)
Topo I (uM)

Camptothecin 17

Novobiocin >100

Etoposide >1000

Hoechst 33258 30

Complex 2 20 (This work)
Complex 3 30 (This work)

Table 3: Primer sequence and annealing temperatures used for real time PCR.
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Primer Name

Primer sequence

Annealing (°C)

References

MMP -2 CCCTCCCTTCAACCATTCCC 55 Oshima et al.,
TTCCAGCAGACACCATCACC 2008

TGF - CAAGGACCTCGGCTGGAA 58 Xie et al.,
CCGGGTTATGCTGGTTGTACA 2009

GAPDH CGACCACTTTGTCAAGCTCA 5560
AGGGGTCTACATGGCAACTG
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Figure captions

Figure 1. ORTEP view (50% probability level) of structure of the complex SnEA (1), drawing
of ORTEP view was done using PLATON software.

Figure 2. Absorption spectra of (a) complex 2 and (b) complex 3 in Tris—HCI buffer (pH= 7.2)
in the absence and presence of increasing amounts of CT DNA. Arrows indicate the increase in
the intensity upon increasing DNA concentration.

Figure 3. Emission spectra of (a) complex 2 and (b) complex 3 in Tris—HCI buffer (pH 7.2) in
the absence and presence of CT DNA. Arrows indicate the change in the intensity upon
increasing DNA concentration

Figure 4. Effect of increasing concentration of K;HPO4 on the fluorescence intensity of (a)
complex 2 and (b) complex 3 M=(10" M) with DNA (10~* M).

Figure 5. Effect of different concentration of NaCl on the fluorescence spectra of (a) complex 2
and (b) complex 3 with CT DNA (10*M). Arrows indicate the gradual decrease of emission
intensity as a function of NaCl concentration.

Figure 6. Agarose gel electrophoresis patterns for the cleavage of pBR322 plasmid DNA as a
function of increasing concentration of complex (a) complex 2, Lane 1: DNA control, Lane 2:
DNA + 10uM of 2, Lane 3: DNA + 20uM of 2, Lane 4: DNA + 30uM of 2, Lane 5: DNA +
40uM of 2, Lane 6: DNA + 50uM of 2. (b) complex 3, Lane 1: DNA control, Lane 2: DNA +
10uM of 3, Lane 3: DNA + 20uM of 3, Lane 4: DNA + 30uM of 3, Lane 5: DNA + 40uM of
3, Lane 6: DNA + 50uM of 3.

Figure 7. Inhibitory effect of the complex on human topoisomerases lo. Agarose gel
electrophoresis patterns showing the effect of different concentrations of complex on the activity

of DNA—Topo Ia (Topo I); (a) complex 2, Lane 1, DNA control; Lane 2, Topo I + DNA; Lane
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3,20 uM of 2 + DNA + Topo [; Lane 4: 30 uM of 2 + DNA + Topo [; Lane 5: 40 uM of 2 +
DNA + Topo L. (b) complex 3, Lane 1, DNA control; Lane 2, Topo I + DNA; Lane 3, 20 uM of
3 + DNA + Topo [; Lane 4: 30 uM of 3 + DNA + Topo [; Lane 5: 40 uM of 3 + DNA + Topo L.
Figure 8. Cell viability of complexes 2 and 3 on Huh7 cancer cell line. Each data point is the
mean standard error obtained from at least three independent experiments.

Figure 9. Effect of complex 2 and 3 on the proliferation of Huh7 cells. Huh7 cells were seeded
at the same density a day before treatment. Next day the cells were subjected treatment with an
optimized concentration of 2, 3 and vehicle control alone (DMSO) in a six well plate. The
antiproliferative effect of these compounds was measured microscopically at different time
intervals and also by growth curve analysis. At each time point (24 and 48h), cells were
trypsinized and counted as described in Materials and Methods section. All data presented are
expressed as mean +SEM of triplicate wells for each time point. Significant difference from the
control is represented by an asterisk (P<0.05).

Figure 10. Effect of complex 2 and 3 on the expression of tumor promoting and suppressor gene.
RNA from control and treatment groups was analyzed for the expression of genes (a) MMP-2
and (b) TGF— by real time PCR. Changes in the mRNA expression of the respective genes were
determined as relative mRNA expression against internal control GAPDH. The experiment was
repeated thrice and significant difference from the control is represented by an asterisk (£<0.05).
Figure 11. Molecular docked model of complex (a) 2 and (b) 3 with DNA [dodecamer duplex of
sequence d(CGCGAATTCGCG), (PDB ID: 1BNA)].

Figure 12. Diagram showing in molecular docked model of complex (a) 2 and (b) 3 in the

cleavage active site of human DNA Topo I (PDB ID: 1SC7).
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Scheme 1. Synthesis of Complexes 1-3.
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