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ARTICLE INFO ABSTRACT

Keywords: Three new platinum(ll) complexes with pendent morpholine were synthesized, namely complex 1 ([Pt
Platinum complexes (L)CIICF3S03), complex 2 ([Pt(L)(NH5)]1(CF3SO3)5) and complex 3 ([Pt(L)(PPh3)](CF5S03)2), where L = 4’-[4-
Cytotoxicity (4-morpholinobutyloxy)phenyl]-2,2:6’,2”-terpyridine and PPh; = triphenylphosphine. The detailed molecular

DNA binding

structures of complex 3, L and its precursor L’ (1,4’-[4-(4-bromobutyloxy)phenyl]-2,2":6’,2”-terpyridine) were
Topoisomerase I inhibition

determined by single crystal X-ray diffraction. An evaluation of in vitro cytotoxicity for both ligand and com-
plexes was performed by methyl thiazolyl tetrazolium (MTT) assay in three cancer cell lines and normal cells as
the control, respectively. ICs, values of complexes 1-3 were lower than those exhibited for the reference drug
cisplatin, and selectivity of these complexes were greater than cisplatin. Among them, complex 3 with a leaving
group PPh; was found to be the most efficacious complex against certain cell lines, especially for cisplatin-
resistant A549cisR cells. These complexes were found to bind DNA, induce efficient DNA unwinding. Meanwhile,
topoisomerase (Topo) I inhibitory activities by three complexes were detected, and a minimum inhibitory
concentration of 15 uM of complex 3 was found totally inhibit Topo I activity.

1. Introduction

Topoisomerase (Topo) I is a nuclear enzyme and the main role of
which is to resolve DNA supercoiling of chromosomes during DNA re-
plication and transcription in both prokaryotes and eukaryotes cells
[1,2]. This enzyme is overexpressed in cancer cells, hence, Topo I in-
hibition is an extremely good method in cancer therapy because it can
give rise to DNA damage that induces apoptosis and necrosis, thereby
stopping DNA replication [3,4]. Some crucial clinically used antitumor
topoisomerase I inhibitors, such as irinotecan [5] and topotecan [6], are
called topoisomerase I poisons and their mechanism of action and role
in the anticancer activity has been widely discussed. Functionalized
terpyridine derivatives [7-10] have a wide range of potential applica-
tions ranging from colorimetric metal determination to DNA binding
agents, anticancer agents and topoisomerase inhibitors. Interaction
with DNA appears to allow terpyridine complexes to combine cyto-
toxicity with antiviral properties [11]. Square planar platinum(II) in-
tercalators, consisting of terpyridine or its derivatives and a mono-
dentate ligand in the remaining position, have attracted much interest
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in recent years due to their biological activity, which includes re-
markable in vitro cytotoxicity against various cancer cell lines, ex-
ceeding that of cisplatin in some cases [12].

Studies on the DNA interaction properties of such complexes are a
major goal of bioinorganic chemistry because it can provide funda-
mental information for developing DNA structural probes and potential
biological and therapeutic applications, as well as a better under-
standing of the mechanism of drug action [13,14]. There is growing
interest in exploring the DNA binding mode of metal complexes to assist
the rational design and construction of new and efficient drugs tar-
geting DNA [15]. Small molecules interact with double-helical DNA in a
noncovalent manner through three binding modes: electrostatic inter-
action, groove binding and intercalative binding [16]. Among these, the
most effective is intercalative binding, which is directly related to an-
titumor activity [17,18].

In the present study, in order to optimise the biological activity of Pt
(II) complexes, we designed and synthesized a terpyridine ligand
modified with morpholine derivatives (Scheme 1). Morpholine and its
derivatives have interesting biological and pharmacological properties
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Scheme 1. Molecular structure of the Pt(II) complexes 1-3.

such as anticancer [19], antiinflammatory, antioxidant and tyrosinase
inhibitory activities, and are used in photodynamic therapy [20]. 4-
Phenyl-morpholine derivatives also show antimicrobial, antiin-
flammatory and central nervous system activities [21]. The nitrogen of
morpholine is an electron donor that facilitates intermolecular hy-
drogen bonding [22]. Complexes featuring a chloride co-ligand de-
compose in aqueous media, but replacing the chloride ligand with
1,3,5-triaza-7-phoshatricyclo[3.3.1.1]decane or triphenylphosphine
(PPhj3) results in highly stable, positively charged compounds that ex-
hibit antiproliferative activity dependent on the lipophilicity of the P-
based co-ligand [23]. Another reported mitochondrion-targeting Cu(II)
complex with introduced PPh; group exhibited potent cytotoxicity
against cisplatin-resistant tumor cells through multiple mechanisms of
action [24]. Herein, three leaving groups, Cl~, NH3 and PPh;, were
used to build the complexes 1-3. DNA binding, topoisomerase I in-
hibition and cytotoxicity against tumor cells of those morpholino-
phenol-substituted platinum(II) complexes were also studied.

2. Experimental section
2.1. Materials and methods

All reagents and materials were purchased from commercial sup-
pliers which for scientific laboratory. 2-Acetylpyridine, p-hydro-
xybenzaldehyde, morpholine, 1,4-dibromobutane, K,PtCl, and triphe-
nylphosphine (PPh;) were purchased from Energy-chemical. 4’-(4-
Hydroxyphenyl)-2,2":6’,2”-terpyridine was prepared according to the
published procedure [25]. Calf thymus DNA (CT DNA) was purchased
from Sigma-Aldrich. pPBR322 DNA was obtained from BBI LIFE SCIE-
NCES and GelRed was purchased from Biotium. Topoisomerase (Topo I)
was obtained from Takara Biomedical Technology (Beijing). Agarose
gel, ethylenediaminetetraacetic acid (EDTA) and Tris buffer reagents
were purchased from Sangon. A549 (human lung carcinoma cell lines),
cisplatin-resistant A549 (A549cisR), HepG2 (human liver hepatocel-
lular carcinoma), and LO2 (human normal liver cell) were obtained
from the Cell Resource Center, Peking Union Medical College (Beijing,
China).

Nuclear magnetic spectra were recorded on a Bruker AVANCE 400
spectrometer under ambient condition. Elemental analyses of C, H and
N were measured on a Perkin-Elmer 240C elemental analyzer. High
resolution mass spectrometric analysis was carried out on a Waters
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Xevo G2-XS Q-TOF instrument. A Shimadzu UV-2550 UV-vis spectro-
photometer was used for UV scanning. Bio-Rad Sub-Cell GT electro-
phoresis system was used for the electrophoresis experiment and JUNYI
scanner (JYO4s-3c) was used for gel imaging. Stock solutions (10 mM)
of both complexes were prepared in DMSO, which were further diluted
using buffer or cell culture medium until working concentrations were
achieved.

2.2. Synthesis

2.2.1. L’ (1.4’-[4-(4-bromobutyloxy)phenyl]-2,2":6’,2”-terpyridine)

The L’ was synthesized according to previously reported method
[26] with slight modifications. 1,4-Dibrombutane (3.6 mL, 30 mmol)
was added to the solution containing 4’-(4-hydroxyphenyl)-2,2":6%,2”-
terpyridine (1.95g, 6mmol) and potassium carbonate (1.65g,
12mmol) in 150 mL DMF. After the resulting mixture was heated at
85 °C for 24 h, 50 mL CHCl; was added. Then the resulting mixture was
washed by saturated NaCl aqueous solution (3 X 50mL), and the
combined organic fraction was dehydrated by MgSO,. After filtration,
the solvent was removed by reduced pressure distillation. The residue
was dissolved in 20 mL of ethyl acetate and the resulting solution was
stirring kept overnight. The precipitate was filtered off and was washed
with 10 mL diethyl ether. It was dried under vacuum to give 1.62 g the
ivory powder. Yield: 58.7%. All characterization data matched that
previously reported [21].

2.2.2. L (4’-[4-(4-morpholinobutyloxy)phenyl]-2,2:6’,2”-terpyridine)

L’ (1.08g, 2.4mmol) was dissolved in DMF (45mlL) containing
triethylamine (6 mL), followed by adding morpholine (0.08 g, 6 mmol)
and the reaction mixture was heated at 155 °C for 1 h. After cooling to
room temperature, the resulting solution was poured into sodium
chloride saturated aqueous solution (10mL), and extracted with
chloroform (3 x 10 mL). The combined organic layers were washed
with H,O (3 X 10 mL) and dried over MgSO,. After evaporating the
solvent under reduced pressure, the residue was purified by flash
chromatography on silica gel to give a pale yellow powder. It was dried
under vacuum to give 0.78 g the pale yellow powder. Yield: 85%. 'H
NMR (400 MHz, CDCl3, 8, ppm): 8.91 (m, 6H, 4, 7, 9, 12 and 1, 15-
tpyH), 8.55 (d, 2H, 3, 13-tpyH), 8.20 (d, 2H, 17, 21-tpyH), 7.91 (d, 2H,
2, 14-tpyH), 7.22(d, 2H, 18, 20-tpyH), 4.16 (t, 2H, H22), 3.58 (t, 4H,
H27, 28), 2.35 (m, 6H, H25, 26, 29), 1.79 (m, 2H, H23), 1.62 (m, 2H,
H24). '3C NMR (400 MHz, CDCls, 8, ppm): 159.84, 156.57, 155.68,
149.92, 149.26, 136.99, 130.85, 128.68, 123.90, 121.51, 118.41,
114.99, 67.87, 66.87, 58.70, 53.73, 27.29, 23.04. HR-MS (Acetonitrile)
m/z: caled 467.2447 for CyoHgN4O,, found 467.2441 for [L + H]™*.
Elemental analysis calcd (%) for Co9H3oN40.: C 74.65, H 6.48, N 12.01;
found: C 74.43, H 6.72, N 12.22.

2.2.3. Complex 1 ([Pt(L)Cl]CF3S03)

A mixture containing Pt(DMSO).Cl, (0.422 g, 1.00 mmol) [27] and
1 equivalent of L (0.466 g, 1.00 mmol) in 40 mL of trichloromethane
was reflux under argon for 24 h. The reaction mixture was then cooled
to room temperature and the resulting yellow precipitate was filtered
off, washed with 10 mL chloroform and 10 mL diethyl ether. The re-
sidue was dissolved in 20 mL DMF, and 5 equivalent of KCF3SO3 aqu-
eous solution was added. Yellow precipitates were produced im-
mediately, which were collected and dried under vacuum to give 0.58 g
yellow powder. Yield: 83%. "H NMR (400 MHz, DMSO-ds, 8, ppm):
8.76-8.84 (m, 6H, 4, 7, 9, 12 and 1, 15-tpyH), 8.47 (d, 2H, 3, 13-tpyH),
8.18 (d, 2H, 17, 21-tpyH), 7.86 (d, 2H, 2, 14-tpyH), 7.19 (d, 2H, 18, 20-
tpyH), 4.17 (t, 2H, H22), 3.72 (m, 4H, H27, 28), 2.89 (s, 2H), 2.73 (s,
2H), 1.82 (m, 4H, H23, 24). 13C NMR (400 MHz, DMSO-ds, 8, ppm):
161.78, 158.18, 154.08, 151.86, 150.72, 142.14, 129.75, 128.82,
126.34, 125.42, 120.03, 115.05, 67.65, 65.36, 57.05, 52.76, 26.29,
21.78. HR-MS (Acetonitrile) m/z: calcd 696.1705 for Co9H30CIN4O4Pt,
found 696.1700 for [1 - CF3SO5]*. Elemental analysis caled (%) for
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C30H30ClF3N405PtS: C 42.58, H 3.57, N 6.62; found: C 42.43, H 3.73, N
6.41.

2.2.4. Complex 2 ([Pt(L)(NH3)](CF5S03),)

A solution of complex 1 (0.169 g, 0.20 mmol) and AgNO; (0.068 g,
0.4 mmol) in DMF was heated at 80 °C under mixing for 24 h in dark.
The resulting AgCl precipitate was filtered, and 12 mL 35% ammonia
solution was added to the DMF filtrate. A clear deep yellow solution
was obtained and stirred for another 6 h. Then 5 equivalent of KCF3SO5
was added and a dull yellow solid was obtained. The resulting pre-
cipitate was filtered off, washed with 10 mL diethyl ether. It was dried
under vacuum to give 0.13g brown powder. Yield: 66.7%. 'H NMR
(400 MHz, DMSO-dg, 8, ppm): 8.89-8.95 (m, 6H, 4, 7, 9, 12 and 1, 15-
tpyH), 8.59 (d, 2H, 3, 13-tpyH), 8.20 (d, 2H, 17, 21-tpyH), 8.01 (d, 2H,
2, 14-tpyH), 7.23 (d, 2H, 18, 20-tpyH), 5.59 (s, 3H, NH), 4.16 (t, 3H),
2.36 (m, 6H), 1.79 (m, 2H, H,3), 1.63 (m, 2H, H,,). **C NMR (400 MHz,
DMSO-de, 8, ppm): 161.77, 158.26, 154.36, 152.33, 142.71, 129.59,
128.77, 126.20, 122.18, 120.21, 114.97, 68.05, 66.07, 57.56, 53.49,
26.20, 22.05. HR-MS (Acetonitrile) m/z: caled 339.1141 for
[C2oH33NsO,Pt]?*, found 339.1143 for [2 - 2CF3SO5]1%". Elemental
analysis caled (%) for C3;H33FgNsOgPtSs: C 38.12, H 3.41, N 7.16;
found: C 37.96, H 3.58, N 6.95.

2.2.5. COTTlplex 3 ([Pt(L)(PPhg)](CFgSO3)2)

The complex 3 was synthesized according to similar previously re-
ported method [28] Complex 1 (0.169g, 0.20 mmol) and AgCF3SO3
(0.256 g, 1.00 mmol) were added into a dry flask containing 30 mL
anhydrous acetonitrile. After refluxing for 46 h, AgCl was filtered off.
PPh3 (0.052 g, 0.2 mmol) was added to the residue, and the solution
was stirred for 24 h. Then the resulting precipitate was filtered, washed
with 10 mL diethyl ether. It was dried under vacuum to give 0.19 g deep
powder. Yield: 77.7%. H NMR (400 MHz, DMSO-ds, §, ppm): 9.15 (t,
2H, 7, 9-tpyH), 8.97 (t, 2H, 4, 12-tpyH), 8.47 (t, 2H, 1, 15-tpyH), 8.33
(t, 2H, 3, 13-tpyH), 8.17 (m, 5H, PPh;H), 7.75 (d, 2H, 18, 20-tpyH),
7.67 (m, 5H, PPh3H), 7.53 (d, 2H, 18, 20-tpyH), 7.37 (m, 5H, PPh3H),
7.27 (d, 2H, 18, 20-tpyH), 4.19 (t, 2H, H,;), 4.01 (t, 2H, Hag), 3.65 (m,
3H), 3.22 (t, 2H, Hye), 3.08 (t, 2H, Hag), 1.85 (m, 5H). *C NMR
(400 MHz, DMSO-ds, 8, ppm): 162.06, 159.80, 154.51, 153.65, 152.98,
143.77, 135.15, 133.37, 130.00, 128.62, 126.37, 125.80, 124.76,
120.25, 115.33, 67.69, 63.39, 56.07, 51.51, 25.98, 20.29. HR-MS
(Acetonitrile) m/z: caled 461.6464 for [C4;H4sN4O.PPt]**, found
461.6459 for [3 - 2CF3SO3]**. Elemental analysis caled (%) for
C49H45F6N4ngpt82: C 48.16, H 3.71, N 458, found: C 48.51, H 4.34, N
4.41.

2.3. Single crystal X-ray data collection and structure refinement

The diffraction data were collected using an Agilent Gemini EOS
diffractometer with graphite-monochromated with Mo-Ka radiation
(. = 0.71073 A) at 293K for L’ (0.38 X 0.28 X 0.17 mm), 298K for L
(0.42 x 0.31 x 0.16 mm) and 293K for complex 3
(0.20 x 0.15 X 0.11 mm). An empirical absorption correction was ap-
plied. All the non-hydrogen atoms were refined anisotropically and the
hydrogen atoms of organic molecule were refined in calculated posi-
tions, assigned isotropic thermal parameters, and allowed to ride their
parent atoms. All calculations were performed using the SHELX2014
program package [29]. Crystallographic data (excluding structure fac-
tors) for the structures reported in this paper have been deposited in the
Cambridge Crystallographic Data Centre with the reference numbers
1851369 for L, 1851370 for L’ and 1851371 for complex 3.

2.4. DNA binding experiments
2.4.1. UV/Vis absorption titration

Absorption spectra were recorded on a UV/Vis spectrophotometer.
A pH 7.4 phosphate-buffered saline (PBS) buffer was used and UV/Vis
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spectra were recorded after each addition of concentrated DNA stock to
50 uM Pt(II) complex solutions in a quartz cuvette (path length = 1 cm)
at 25 °C. Binding data was determined with equation [30,31].

[DNA]/(ea — &) = [DNA]/(ep — &1) + 1/(Kp(ep — €1))

where [DNA] is the concentration of DNA in base pairs, ea = Agps/
[compound], e = the extinction coefficient for the free compound and
ep, = the extinction coefficients for the compound in the fully bound
form.

2.4.2. Fluorescence DNA titration

The competitive binding of the tested complexes to CT DNA was
determined with ethidium bromide (EB) displacement assay. The CT
DNA-EB (20 uM EB, 26 uM CT DNA) conjugation was prepared in PBS
buffer. By adding various concentrations of complex solution stepwise,
the constants (Ky,, M~ 1) have been calculated and the quenching effi-
ciency for each compound was evaluated according to the classical
Stern-Volmer equation [32].

IO/I =1+ KSV[Q]

where I and I are the fluorescence intensities of CT DNA solution in
the absence and presence of quencher, [Q] is the concentration of
quencher (complexes 1-3 or ligand) and Kj, is the Stern-Volmer con-
stant.

2.5. DNA unwinding study

A standard DNA binding assay was used to investigate the effect of
complex on the structural of plasmid by agarose gel electrophoresis.
DNA unwinding under various concentrations of 1-3 was determined in
buffer (10 mM KH,PO,, 10 mM NaCl, 10 mM EDTA, pH 7.2). Briefly,
after incubation of pBR322 DNA (19 uM base pair concentrations) with
complex of different concentrations for 24 h, loading buffer (0.05%
bromophenol blue, 50% glycerol, and 2mM EDTA) was added to the
mixture. Then the samples were loaded onto a 0.8% agarose gel and
electrophoresed in TBE (1 x) buffer (89 mM Tris-borate, 2 mM EDTA)
at a constant voltage of 120 mV for 80 min. The gels were visualized in
the electrophoresis gel documentation and analysis system. The assay of
ionic strength dependence of the plasmid DNA unwinding by platinum
complex was carried out at 37 °C for 24h in a pH 7.2, 10 mM KH,PO,
buffer. The mixtures contain various concentrations of NaCl aqueous
solution (0-200 mM) and pBR322 DNA (19 uM). After incubation for
24h, loading buffer was added. The gels were visualized in the elec-
trophoresis gel documentation and analysis system.

2.6. Topoisomerase I inhibition assay

Inhibition assay provides a direct method of determining whether
the complex affects the activity of Topo I [20]. In the experimental
process, a reaction mixture (20 uL) containing 19 uM (base pair con-
centrations) pBR322 in buffer (10 mM Tris-HCl, 50 mM KCl, 5mM
MgCl,, 0.1 mM DTT, 0.1 mM EDTA, 150 pg/mL BSA, pH7.5) was in-
cubated with 1 unit Topo I in the absence or in the presence of complex
1 (1-100 uM), 2 (1-40 uM) and 3 (1-15 uM), for 30 min at 37 °C. Each
sample was preincubated for 15 min prior to the addition of pBR322
DNA. Loading buffer (0.2% bromophenol blue, 30% glycerol, 4.5%
SDS, 0.2% xylene cyanol) was added to the reaction mixture. The image
was visualized using analysis system.

2.7. Cytotoxicity test

A standard methy] thiazolyl tetrazolium (MTT) assay was employed
to evaluate the potential cytotoxicities of L and three complexes against
A549, A549cisR, HepG2 and LO2 cell lines. The cells were maintained
in Dulbecco's Modified Eagle's Medium (DMEM) supplemented with
10% FBS 100 ugmL~! streptomycin, and 100 UmL ™" penicillin. The
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cells were cultured in a humidified incubator, which provided an at-
mosphere of 5% CO, and 95% air at a constant temperature of 37 °C.
A549cisR cells were cultured in a medium containing cisplatin to
maintain the resistance. In a typical experiment, the cells were seeded
in a 96-well flat-bottomed microplate at 10,000 cell per well in growth
medium solution. The microplate was incubated at 37 °C with 5% CO,
in a humidified incubator for 24 h. The medium was then changed to
growth medium with or without complexes with serial concentrations.
The microplate was then incubated at 37 °C with 5% CO, in a humi-
dified incubator for 48 h. After 48 h, MTT (20 pL, 5 mg/mL) was added
to each well. The microplate was reincubated at 37 °C in 5% CO- for
another 4 h. Then the medium was carried out and 150 pL. DMSO was
added into each well, the microplates were shaken for 10 min. The
absorbance at the wavelength of 570 nm was measured by a microplate
reader (reference wavelength: 630 nm). The ICsq value of each complex
(the concentration that is required to reduce the absorbance by 50%
relatively to the controls) was analysed and calculated by SPSS.

3. Results and discussion
3.1. Synthesis and characterization

All ligands and complexes were prepared following the procedure
shown in Fig. S1, and characterized by elemental analysis, "H NMR, *3C
NMR spectra along with HR-MS spectrometry. White crystals of L’ and L
suitable for X-ray diffraction studies were obtained by slow evaporation
of acetone solutions, while, yellow crystals of complex 3 was also se-
parated out from a acetonitrile solution. Information concerning X-ray
data collection and crystal structure refinement is summarized in
Table 1, with the selected bond lengths and bond angles listed in Table
S1. The structures are shown in Figs. 1-3 respectively, that prove those
products ligands and complexes have the expected molecular.

As shown in Figs. 2 and 3, L’ and L are planar structures, and the
obtained bond lengths and bond angles are similar to a reported ter-
pyridine derivative 4-([2,2":6’,2”-terpyridine]-4’-yl)-N,N-diethylaniline
[12]. The crystal structure shows that complex 3 is a classical four-
coordinate Pt(II) complex, in which the Pt is bounded to three N atoms
from the chelating ligand terpy and one P atom from PPhs. In complex
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Fig. 2. Thermal ellipsoid plot of L in ORTEP view.

3, the angles among the four coordination bonds (104.0(3) for N1-Pt-
P1, 79.8(4) for N1-Pt-N2, 79.2(3) for N2-Pt-N3 and 96.9(2) for N3-Pt-P)
sum to 359.9°, confirming the planar geometry. Specifically, the bond
angle of and the bond length of 3 are similar compare with the crystal
from previously reported [28]. Two CF3SO5; ™~ anions are systematically
located above and below the Pt-terpy plane, which prevent the -1t
stacking interactions between two monomers (Fig. S2).

Table 1
Crystal and structure refinement data for L’, L and complex 3.
L L 3

Chemical formula Co5H,BrN3;0 Cu9Ho9N 405 C49H45FgN4OgPPtS,
Formular weight (g mol ") 460.36 465.56 1222.07
Crystal system Monoclinic Monoclinic Triclinic
Space group P121/n1 P121/C1 P-1
ad 6.2345 (5) 19.8548 (19) 11.9258 (8)
b (A) 35.276 (3) 11.6986 (11) 14.8207 (13)
c (A) 9.6339 (8) 10.8633 (10) 17.5516 (13)
a(’) 90 90 94.774 (7)
B(O) 92.794 (7) 93.535 (7) 103.042 (7)
v () 90 90 111.666 (7)
\4 (AS) 2116.2 (3) 2518.5 (4) 2760.8 (4)
Z 4 4 2
D, (gem™3) 1.445 1.228 1.470
6 range () 3.9650-21.5910 3.1970-21.7670 2.529-26.499
u (mm™Y) 0.71073 0.71073 0.710
F (000) 944 988 1220
Crystal size (mm) 0.38 x 0.28 x 0.17 0.42 x 0.31 x 0.16 0.20 x 0.15 x 0.11
Temperature (K) 293 (2) 298.3 (2) 293 (2)
Reflections collected 16,457 11,720 19,156
Independent reflections 2279 2037 5501
Goodness-of-fit (GOF) 1.039 1.023 0.972
Largest difference in peak and hole (eA™3) 0.468, —0.480 0.543, -0.398 1.557, -0.989

Ry wR,” (I > 20 (D)
R," wR," (all data)

0.1701, 0.1315
0.0745, 0.1050

0.1951, 0.3131
0.0934, 0.2349

0.1768, 0.1689
0.0918, 0.1323

* Ry = Z||Fo| — |Fe|| / Z|F|.

P WRy = |Zw(|Fo|? — |Fe|?) / Z|W(Fo)?|"2, where w = 1/ [0%(F,) + (aP)® + bP]. P = (F,2 + 2F.%) /3.

20
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Fig. 3. Thermal ellipsoid plot of complex 3 in ORTEP view.

3.2. DNA binding

The interaction mode of metal complexes with double-stranded
DNA is mainly dependent on the structure of the complexes and the
nature of their ligands [33]. The existence of labile ligands may lead to
their displacement and replacement by a nitrogen atom of a DNA base,
resulting in covalent binding of the metal to DNA. As in the case of
cisplatin, after the aquation of the one or two chloride ion, platinum(II)
is able to coordinate to the nitrogen atoms of the DNA bases. Complexes
that remain stable in solution may either induce unwinding of the DNA
double helix or engage in non-covalent interactions with DNA, such as
7 — 7 stacking interactions of planar aromatic rings of the complex
with DNA bases, electrostatic interactions due to the development of
coulomb forces towards the DNA phosphate groups, or groove binding
arising from the existence of hydrophobic, hydrogen bonding or van der
Waals forces [34].

Firstly, the interactions of complexes 1-3 with calf thymus DNA (CT
DNA) were measured by UV-vis spectroscopy. In this study, interac-
tions can be revealed by the band changes induced by titration of CT
DNA. Since both Pt(II) complexes contain the MLCT (MLCT = metal to
ligand charge transfer) bands from the terpy ligands, alteration in the
UV-vis absorption intensity and wavelength of MLCT bands could
provide a measure of the potential binding ability. Herein, the new li-
gand L was not involved because the MLCT band was unobserved. UV
titration spectra of complexes 1-3 with increasing concentrations of CT
DNA are shown in Fig. S3, and the calculated binding constants and
related parameters are listed in Table 2. Notably, the titration results
revealed apparent hypochromism of the MLCT bands of complexes
upon the addition of CT DNA. Meanwhile, obvious bathochromic shift
was also observed for complex 2. These shifts are due to the inter-
calation of the complex, usually involving a strong - stacking inter-
action between an aromatic chromophore and the base pairs of DNA.
The DNA binding constants (Kj, Table 2) of complexes were determined
from the Wolfe-Shimer equation [35]. However, the Kj, constant of L
did not include here account for L excludes the MLCT band that was
unobserved. The obtained K;, constants of complexes 1-3 were higher
than that of the classical intercalator ethidium bromide (EB,
1.4 x 10 M™1) as previously calculated [36], and complex 2 exhibited
the highest K;, constant among the complexes. With an amino group
that could be beneficial to the formation of hydrogen bonds, di-positive

Table 2

The DNA-binding constants (K}) value of complexes 1-3.
Complexes Band (AA/Ay?, ANY) KpM™ 1)
1 416 (—32%, +1) 5.23 x 10°
2 396 (—25%, +7) 9.57 x 10°
3 388 (—10%, 0) 5.27 x 10°
& “4+” denotes hyperchromism, “—” denotes hypochromism.
> “47 denotes red-shift, “—” denotes blue-shift.
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charged complex 2 shows better binding ability towards CT DNA.

Secondly, competitive DNA-binding studies with EB were also used
to reveal the binding abilities between compounds and CT DNA. The
fluorescence emission spectra of the prepared EB-DNA system in the
presence of increasing amounts of complexes 1-3 of different ratios of r
(r = [compound] / [DNA]) were recorded. As shown in Fig. S4, the
addition of L or complexes 1-3 at diverse concentrations induced a
dramatic decrease of the fluorescence intensity of the emission band
from the CT DNA-EB system. The Stern-Volmer plot of DNA-EB (Fig. S5)
illustrates that the quenching of EB bound to DNA by these compounds,
resulting in a decrease in the fluorescence intensity. Obviously, the
calculated Kj, values of L is lowest, and complex 2 bearing the highest
K, (8.49 x 10*M~1) values (Table 3). Meanwhile, the results obtained
here are consistent well with UV-vis titration data. Herein the effec-
tively quenching of fluorescence of DNA-EB system by complexes 1-3
suggesting that they can interact with CT DNA via the intercalative
mode, and EB was replaced from DNA-EB conjugation [33].

3.3. DNA unwinding activity studies

The DNA unwinding can be defined by the ability of metal com-
plexes to convert the closed supercoiled circular from of the DNA (Form
D) to the open circular relaxed form (Form II) or the linear form (Form
I11) [37,38]. Experiments with different concentrations of the platinum
(II) complex were conducted in a pH 7.2 buffer (10 mM KH,PO,4, 10 mM
NaCl, 10 mM EDTA). The results show that the Pt(II) complex acted as a
chemical nuclease by unwinding DNA from Form I into Form II (Fig. 4).
With an increasing concentration of the Pt(II) complex, Form I gradu-
ally diminished accompanied by the increasing of Form II. Noticeably,
the DNA unwinding activities of the Pt(II) complexes were concentra-
tion-dependent. When the concentration of complex 1 reached to 8 uM,
Form I was converted into Form II completely. Complex 2 and 3 also
showed similarly potent DNA unwinding activities. Meanwhile, the li-
gand L hardly shows unwinding activity against DNA when its con-
centration increased to 40 uM (Fig. S6). Moreover, the DNA untwisting
activity of complex, which similar to the cytotoxicity in the cytostatic
mechanism, is positively related to its concentration [24]. Thus, the
obviously unwinding ability suggests that the complexes with good
potential anticancer activity.

Since the activation of chlorido Pt(II) complexes via hydrolysis

Table 3
The values of Stern-Volmer constant (K,) and percentage of fluorescence of L
and complexes 1-3.

Compounds Al/Ty (%) Koy M1
L 9 4.40 x 10°
1 57 7.18 x 10*
2 68 8.49 x 10*
3 65 8.16 x 10*
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Fig. 4. Concentration-dependent of pBR322 DNA unwound by Pt(II) complexes 1-3 at 37 °C for 24 h. Lane 1, DNA control, lane 2-10, the pBR322 DNA with 1-3 of

different concentrations.

pathway is a significant and potential mechanism for DNA targeting,
and this process closely related to the concentration of NaCl in vivo
[39]. NaCl (0-100 mM) concentrations dependence of the pBR322 DNA
unwinding by 1 (5pM) was proceeded. As shown in Fig. S7, DNA un-
winding ability was inhibited with the increased concentrations of so-
dium chloride. Maximum inhibition occurred at NaCl concentration of
80mM. The result indicated that process of unwinding DNA by Pt
complex is also a DNA-complex chelating process.

3.4. Topoisomerase I inhibition

Topoisomerases are well-established targets in antitumor research,
and compounds inhibiting these enzymes are potential antitumor
agents [40]. Therefore, the Topoisomerase I-DNA binding assay was
used to investigate the effect of complexes on the activity of human
Topo I by agarose gel electrophoresis. It provides a direct means of
determining whether the complex inhibit the activity of Topo I so that
the unwinding of nicked open circular (form II) DNA to a supercoiled
(form I) duplex DNA. The inhibitory effect of the Pt(II) complexes 1-3
on Topo I was investigated by unwinding plasmid pBR322. The results
(Fig. 5) indicate that with increasing Pt(II) complex concentration,
Form II is diminished accompany with Form I is increased. When the
concentration of complex 1 reached to 60 pM, Form II was completely
converted into Form I, demonstrating that the Pt(II) complex exhibited
effectively concentration-dependent Topo I inhibitory activity. Max-
imum Topo I inhibition was achieved when the concentration of com-
plex 2 or 3 reached to 15puM. Remarkably, complexes 2 and 3 were
more potent Topo I inhibitors than complex 1. Furthermore, L did not
show obvious effect on inhibitory activity to Topo I in control experi-
ments (Fig. S8). The cisplatin, which was taken as reference, exhibited a
similar inhibiting effect compared with other reported [41], and its
inhibitory effect was not as effective as complexes 1-3 (Fig. S9). In
summary, the Pt(I) complexes described herein possess potent con-
centration-dependent Topo I inhibitory activity and prevent enzyme-
mediated unwinding of supercoiled pBR322 plasmid DNA. In general,
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the ability of antiproliferation on the cancer cells is in accordance with
the capacity of the catalytic activity of Topo I to DNA [42]. Thus, the
metal-based complexes as efficient topoisomerase I inhibitors could be
expected to show high antitumor activities.

3.5. In vitro anticancer activity

The cytotoxicities of the complexes against A549, A549cisR, and
HepG2 cancer cell lines were determined by MTT assays. Their toxicity
to normal cells was also explored on the human normal liver LO2 cell
line under the same conditions. Cisplatin was used as a positive control
in these studies. The resulting ICs, values are given in Table 4. Based on
these values, the in vitro antiproliferative activities of the compounds
follow the order: 3 > 2 > 1 > cisplatin > L. Complex 3, with IC5¢
values ranging from 2.9 to 8.2 uM, show much higher cytotoxicity than
complexes 1, 2, cisplatin and the ligand against all the human cancer
cell lines tested. Meanwhile, Complex 3 is highly cytotoxic against
cisplatin-resistant A549cisR cells, indicating they are not cross-resistant
with cisplatin. This result indicates that the cytotoxicity of complex 3
towards A549 and A549cisR cells is very similar, and A549cisR cells do
not show evident resistance to 3. Interestingly, a relatively high se-
lectivity towards cancer cells (HepG2) over normal cells (LO2) is ob-
served for complexes 1-3, showing approximately 5-fold higher cyto-
toxicity against cancer cell lines tested than that against LO2 cells. The
anti-proliferation of L is much lower than 1-3 and cisplatin. In parti-
cular, the selectivity indexes (SI) of 3 reveals an interesting value
(SI = 16.1) towards A549 line over LO2 cells, 16-fold higher than the
cisplatin. Meanwhile, the SI (ICso in A549cisR/ICso in LO2) of 3 is 11.4,
which was 5.7-fold higher than that of cisplatin. It has been reported
that after the introducing of triphenylphosphine, the ability of acrossing
cell membranes or mitochondrial membranes was enhanced [19].
Herein the best anti-proliferation of 3 might result from the strong li-
pophilic capability in itself. Furthermore, its cell selectivity was en-
hanced might due to the introduced morphine moiety, which as an
excellent pharmacophore because it possessing unique hydrogen bonds
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Fig. 5. Concentration-dependent of Topo I inhibitory effect by 1-3. Lane 1, DNA control, lane 2-10, Topo I + 1-3 of different concentrations.

Table 4

ICs values of L and complexes 1-3 towards different cell lines.”
Compound 1Cso [UM]

A549 A549cisR HepG2 LO2

L 32.7 £ 5.1 45.2 + 5.2 50.1 + 6.3 89.7 £ 59
1 83 = 1.0 156 + 2.1 155 + 1.2 79.8 £ 7.1
2 7.9 = 0.8 9.1 = 0.7 83 = 0.7 69.7 = 5.6
3 29 + 04 41 += 0.5 8.2 + 0.8 46.6 = 8.1
Cisplatin 16.1 + 1.9 59.3 = 1.6 125 + 1.8 156 + 2.1

# ICso values are drug concentrations necessary for 50% inhibition of cell
viability. Data are presented as means *+ standard deviations of at least three
independent experiments and the drug treatment period was 48 h.

in biological system [43]. Meanwhile, the SI = 8.4 is observed for 2
towards HepG2 line over LO2 cells, 6.7 times higher than cisplatin and
4.7 times higher than L. It has been reported that introducing of NH; to
compound is a useful strategy, which could benefit for the anti-pro-
liferation [44]. From the present results, it may be concluded that 3
appears to be promising agent for further investigation, especially for in
vivo studies.

4. Conclusions

In the present work, three Pt(II) complexes bearing morpholine
modified terpyridine ligand and different leaving groups, complex 1
([Pt(L)CLICF3S03), 2 ([Pt(L)(NH3)1(CF3503)2) and 3 ([Pt(L)(PPhj)]
(CF3S03),) were synthesized and the detailed structures of L, L’ and
complex 3 were confirmed by X-ray crystallography. The crystal
structures showed that the Pt(II) center is in a square-planar con-
formation in complex 3, and -1t stacking interaction was not detected
because the presence of two counter anions CF3SO3~ can cause steric
effects. The binding abilities between those complexes and CT DNA
were investigated and the result showed that the highest calculated
DNA-binding constants K;, of complex 2 reach to 9.57 x 10°M 1,
which exhibited stronger DNA binding affinity than that of the classical
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DNA intercalator EB and complexes 1/3. This probably attribute to the
stronger intercalary and electrostatic intercalation interaction between
DNA and complex 2. Meanwhile, complexes 1-3 showed significant
topoisomerase I inhibitory activity, and complex 2/3 were more potent
than complex 1. Complexes 1-3 achieved significantly anticancer ac-
tivities against those three cancer cell lines, which were more potent
than the drug cisplatin. Importantly, they exhibited remarkable activ-
ities against cisplatin-resistant human lung cancer cell lines, suggesting
that they performed via a novel mechanism of action. Hence, the role
played by DNA interaction or Topoisomerase I inhibition mode of ac-
tion in cell death induced by these new platinum(II) complexes deserve
further investigation in cancer cells for highlighting the potential of
those Pt(I) complexes as antitumor agents. Overall, our results suggest
that changing the leaving groups in the aromatic Pt(II) coordination
plane and introducing suitable bioactive groups could be promising
strategies for developing Pt(I) polypyridyl complexes as selective DNA
binders and potential anticancer agents.

Abbreviations
PPh; triphenylphosphine
Topol  topoisomerase I

CT DNA calf thymus DNA

NMR Nuclear Magnetic Resonance
Ky DNA binding constants

EB ethidium bromide

EDTA ethylenediaminetetraacetic acid
DTT DL-Dithiothreitol

BSA bovine serum albumin

DMF N,N-dimethylformamide

DMSO  dimethyl sulfoxide

SDS sodium dodecyl sulphate

SI selectivity index

MTT methyl thiazolyl tetrazolium
DMEM  Dulbecco's Modified Eagle's Medium
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