Biometals (2012) 25:1061-1081
DOI 10.1007/s10534-012-9572-4

Biological and cytoselective anticancer properties
of copper(II)-polypyridyl complexes modulated by auxiliary

methylated glycine ligand

Hoi-Ling Seng - Wai-San Wang * Siew-Ming Kong - Han-Kiat Alan Ong -
Yip-Foo Win - Raja Noor Zaliha Raja Abd. Rahman - Makoto Chikira -
Weng-Kee Leong - Munirah Ahmad - Alan Soo-Beng Khoo - Chew-Hee Ng

Received: 14 January 2012/ Accepted: 10 July 2012/ Published online: 27 July 2012

© Springer Science+Business Media, LLC. 2012

Abstract A series of ternary copper(Il)-1,10-phe-
nanthroline complexes with glycine and methylated
glycine derivatives, [Cu(phen)(aa)(H,O)]NO5z-xH,O
1-4 (amino acid (aa): glycine (gly), 1; prL-alanine
(pL-ala), 2; 2,2-dimethylglycine (C-dmg), 3; sarcosine
(sar), 4), were synthesized and characterized by FTIR,
elemental analysis, electrospray ionization—mass
spectra (ESI-MS), UV-visible spectroscopy and
molar conductivity measurement. The determined
X-ray crystallographic structures of 2 and 3 show
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each to consist of distorted square pyramidal [Cu(phe-
n)(aa)(H,0)]" cation, a nitrate counter anion, and with
or without lattice water, similar to previously reported
structure of [Cu(phen)(gly)(H,O)]NO5-12H,0. It is
found that 1-4 exist as 1:1 electrolytes in aqueous
solution, and the cationic copper(II) complexes are at
least stable up to 24 h. Positive-ion ESI-MS spectra
show existence of only undissociated [Cu(phen)(aa)]+
species. Electron paramagnetic resonance, gel elec-
trophoresis, fluorescence quenching, and restriction
enzyme inhibition assay were used to study the
binding interaction, binding affinity and selectivity
of these complexes for various types of B-form DNA
duplexes and G-quadruplex. All complexes can bind
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selectively to DNA by intercalation and electrostatic
forces, and inhibit topoisomerase 1. The effect of the
methyl substituents of the coordinated amino acid in
the above complexes on these biological properties are
presented and discussed. The ICs(, values (24 h) of 1-4
for nasopharyngeal cancer cell line HK1 are in the
range 2.2-5.2 uM while the corresponding values for
normal cell line NP69 are greater than 13.0 uM. All
complexes, at 5 uM, induced 41-60 % apoptotic cell
death in HK1 cells but no significant cell death in
NP69 cells.

Keywords Ternary copper(Il) complexes -
Crystal structure - DNA binding - G-quadruplex -
Topoisomerase I - Anticancer selectivity

Introduction

Studying interactions of metal complexes with DNA
and proteins have increased our understanding of
cellular processes. Unlike metallosupramolecule, the
small sizes of metal complexes seem to make them not
suitable for DNA sequence-specific recognition
because they cannot target more than 2-3 base pairs
(Meistermann et al. 2002). Nevertheless, they do
exhibit varying degree of binding selectivity. Cisplatin
is an example of nucleobase selective covalent binding
of metal complexes and the availability of two cis-
labile ligands leads to inter- and intra-strand linkages
involving only G-bases (Kostova 2006). Other metal
complexes are known to bind preferentially to AT-
sequences (Patra et al. 2007; Rajendiran et al. 2008;
Eriksson et al. 1994; Franklin et al. 1996; Wheate and
Collins 2000) or CG-sequences (Wheate and Collins
2000; Gao et al. 2008; Wu et al. 2005; Kikuta et al.
2000; Tan et al. 2010). Inhibition of restriction
enzymes (RE), which binds to short specific nucleo-
base sequences and cleaves DNA strands at specific
site(s), suggest binding of metal complexes at these
specific sequences and thus having similar selective
binding (Nakabayashi et al. 2006; Gallori et al. 2000;
Snow and Sheardy 2001).

The mechanism of the above preferential binding to
AT- and CG-sequences is not fully understood.
Preferential binding of cationic metal complexes to
AT-sequences than to CG-sequences was attributed to
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greater electrostatic interaction (Wheate and Collins
2000). It was mentioned that AT sequences have
greater electrostatic potential than GC sequences in
the minor groove. Chakravarty et al. found that
copper(I) bis-arginate [Cu(rL-arg),](NO3), and
[Cu(L-arg)(phen)CI]CI exhibited preferential binding
to poly(dA)-poly(dT) than to poly(dG)-poly(dC)
(Patra et al. 2007). It seems that the positively charged
guanidiunium end groups of arginine is important in
this recognition as these copper(Il) complexes are
structurally similar to netropsin, which also exhibit
AT-binding preference. Other non-intercalating
forces, involving van der Waals interaction and
hydrogen bonding, are also involved in sequence
selective binding. How relative contribution of these
three types of interactive forces can lead to recognition
selectivity is not clear. Geometric shape of the metal
complexes may be a contributing factor as exemplified
by both square planar Pt(en)3™ (en = ethylenedia-
mine) and Ni(Il)-peptide complexes binding selec-
tively to AT sequence of duplex oligonucleotides
(Franklin et al. 1996). However, AT-selective binding
by A- and A-[Ru(phen);]** seems to be coincidental
when they are located in the minor groove of the given
DNA (Eriksson et al. 1994).

Barton and co-workers were able to design octahe-
dral intercalating metal complexes to bind selectively
to specific DNA sequences by making use of the small
variation in the shape and functionalities of the DNA
grooves (Erkkila et al. 1999; Zeglis et al. 2007). This
was achieved by using large planar aromatic interca-
lating ligand to bind to DNA and ancillary ligands to
achieve binding selectivity within the major groove.
For example, A-[Rh(DPB),(phi)] (DPB = 4,4-diph-
enylbipyridine; phi = 9,10-phenanthrenequinone dia-
mine) readily bound at the sequence 5'-CTCTAGAG-
3’ and inhibited the Xbal RE with the same recognition
site (Sitlani et al. 1993; Sitlani and Barton 1994). The
[Rh(R,R—)-Meztrien](phi)]3 T ((R,R)-Mestrien = 2R,
9R-diamino-4,7-diazadecane) was found to be able to
recognize 5'-TGCA-3’ via hydrogen bonding between
the axial amines and the O6 of guanine, as well as by
van der Waals contacts between the pendant methyl
groups and the methyl groups of thymine (Krotz et al.
1993). Another approach was reported to involve
conjugating a polynucleotide (DNA recognition
domain) to the coordinated ligand of the metal complex
(Chen and Sigman 1986; Francois et al. 1989; Mestre
et al. 1997).
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Unlike that involving DNA, interaction of metal
complexes with topoisomerase is a relatively new field
of research. Topoisomerases are produced when
needed for certain biological processes involving
DNA, and degraded by proteasome when not needed.
They are important enzymes in the nucleus that
modify the topological state of DNA by the introduc-
ing transient breaks in the DNA strands (Wang et al.
1998). Mitosis, particularly DNA transcription and
replication, require topoisomerases. Recent develop-
ment in cancer chemotherapy and antimicrobial agents
has focussed on targeting the topoisomerase (Kumar
Singh et al. 2007). Thus far, topoisomerase I (Topo I)
inhibitors which are mainly organic compounds, have
a wide range of antitumor activities and are among the
most widely used anticancer drugs clinically (Sunami
et al. 2009; Rothenberg 1997; Beretta et al. 2008;
Teicher 2008; Pommier 2006). In fact, Topo I and II
are now established as molecular targets of anticancer
drugs and their inhibition induces cancer cell death by
apoptosis (Arjmand and Muddassir 2010; Chashoo
et al. 2011). Later, it was realised that these organic
compounds also possess DNA sequence-selective
activity as evidenced by stabilization of topoisomer-
ase-DNA cleavage complexes at specific sites
(Capranico et al. 1997; Arimondo et al. 2006; Rao
et al. 2007). Two common features of Topo I poisons
are that they are base-pairs intercalators and have
hydrogen-bond acceptor on the minor groove binding
site of the drugs (Gan et al. 2011). Such investigation,
naturally, has also attracted inorganic chemists. Cop-
per(Il) chloride was found to inhibit Topo I, extracted
from shrimp, at millimolar concentration (Chuang
et al. 1996). Among a series of metal(Il) pyrophos-
phate-bridged complexes, {[M(phen),],(u-P,O7)}
(where x = 1 or 2), the copper complex could inhibit
Topo I at micromolar concentrations (Ikotun et al.
2009). A series of Cu(Il)-M(II) bimetallic complexes
MI) = Cu, Co, Ni, Mn, Zn) were also found to
significantly inhibit Topo I in mutant yeast strains
at 5 uM (Rupesh et al. 2006). Recently, new hetero-
bimetallic complexes containing Cu(Il)-Sn,(IV)/
Zn(I1)-Sn,(IV) cores and salicylaldimine pharmaco-
phore were found to be DNA groove binders and could
inhibit Topo I and II (Arjmand and Muddassir 2010).

G-quadruplex, a non-B form DNA structure, is also
a new molecular target in the development of antican-
cer drugs (Miller and Rodriguez 2011; Neidle 2010).
G-quadruplex DNA motifs, such as TTAGGG-repeats,

occur at DNA telomeric ends and throughout the
human genome. Over 350,000 predicted DNA
sequences in the genome can fold into G-quadruplex
structures. Not surprisingly, extensive research into
interaction of small molecules with G-quadruplex has
been reported. However, quadruplex stabilizers are
mainly organic heteroaromatic compounds. Similar
reports involving metal complexes are less numerous
Xu et al. (2010).

Improving the efficacy and reducing toxic side-
effects of metal-based drugs, such as cisplatin, have
been the major concern of on-going anticancer research.
Tan et al. reported the possible relationship between the
DNA-binding selectivity of a neutral nickel(I)-querce-
tin complex and the down-regulation of survivin gene
(which is selectively expressed in most tumor cells), and
the link to its efficient induction of apoptosis in three
tumor cell lines (Tan et al. 2010). Unfortunately, the
nickel(Il) complex was not tested on the corresponding
normal cell lines. There seems to be no similar report of
the relationship between the DNA-binding selectivity of
metal complexes and their selective anticancer property
on cancer cells over normal cells.

In southern China, Malaysia and other South East
Asian countries, nasopharyngeal cancer (NPC) is the
most common head and neck cancer (Sung et al. 2005).
Current treatment with cisplatin, paclitaxel and radio-
therapy or combination thereof has not been quite
satisfactory for advanced and metastatic NPC. Even
treatment of this cancer with a new generation, thera-
peutic monoclonal antibody drug directed against epi-
dermal growth factor receptor elicited only positive
response from 13 % of patients although the treatment
was well tolerated with minimum adverse effect (Ver-
morken et al. 2007). Therefore, there is a need to explore
new drugs which are more efficient and safe. As far as we
know, copper complexes have not been investigated as
anticancer drugs for NPC although copper is an essential
micronutrient and its compound could be less toxic than
compounds of platinum and other transition metals.

Herein, we present the effect of the position and the
number of methyl substituent(s) in the auxiliary
ligand, methylated glycine derivative, of the mixed-
ligand copper(Il) complexes with 1,10-phenanthroline
(Fig. 1) on their crystal structure, their binding with
G-quadruplex and DNA duplexes, their inhibition of
RE and Topo I, and their differential cytotoxicity
towards NPC (HK1) and normal (NP69) cells. X-ray
crystallography, FTIR, CHN analysis, UV-visible,

@ Springer



1064

Biometals (2012) 25:1061-1081

conductivity measurement, ESI-MS, fluorescence spec-
troscopy, electron paramagnetic resonance (EPR) spec-
troscopy, CD spectroscopy, gel electrophoresis, MTT
colorimetric assay and apoptosis study using flow
cytometry were employed in this study.

Materials and methods
Materials

The amino acids (aa), viz. glycine (gly), L-alanine
(L-ala), 2-methylalanine or 2,2-dimethylglycine
(C-dmg) and sarcosine or N-methylglycine (sar), were
purchased from Acros Organic (Fisher Scientific). Most
of the chemicals and reagents were of analytical grade
and were used as supplied. The pBR322, Lambda DNA
(4 DNA), gene ruler 1 kb DNA Iladder, ethidium
bromide (EB), loading buffer, Tris-(hydroxymethyl)
aminomethane (Tris), and agarose were bought from
BioSyn Tech (Fermentas). The synthetic oligonucleo-
tides (PAGE purified) were ordered from 1st Base Sdn
Bhd (Malaysia) and were used as supplied. Calf thymus
DNA (CT-DNA) was obtained from Sigma. All
solutions for DNA experiments were prepared with
ultra-pure water from an Elga PURELAB ULTRA
Bioscience water purification system with UV light
accessory. The Tris-HCI-NaCl buffer (TN) was pre-
pared using the above water. This Tris-HCI buffer
contained 50 mM NaCl and the pH of the buffer solution
was adjusted to the required value by addition of
concentrated hydrochloric acid or sodium hydroxide.
All stock solutions of buffers were autoclaved at 121 °C.
The nasopharyngeal cell lines, viz. cancer cell line HK1,
and normal cell line NP69, were from George SW Tsao
(Hong Kong University). All cell culture products were
purchased from Invitrogen (Grand Island, NY). 3-[4,5-
Dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide
(MTT) was purchased from Sigma-Aldrich (St. Louis,
MO) while Annexin V-FITC Apoptosis Detection Kit II
was purchased from BD Biosciences (MA, USA).
A known anticancer compound, bis(8-hydroxyquinola-
to)copper(I), abbreviated as [Cu(80OHQ),], was pur-
chased from Sigma-Aldrich.

Methods and instrumentation

Elemental analysis of C, N and H was carried out on a
Perkin Elmer 2400 CHN analyzer. The FTIR spectra
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Fig. 1 Structure of [Cu(phen)(aa)(H,O)]NO; (gly: R; = R,
R; = H; pr-ala: Ry = CH;3; R, = R; = H; C-dmg: R,
R2 = CH3, R3 = H, sar: Rl = Rz = H, R3 = CH3)

of the complex were recorded as KBr pellets in the
range 4,000-400 cm~! on a Perkin Elmer FT-IR
spectrometer. Visible spectroscopic measurement was
carried out on a Perkin-Elmer Lambda 40 spectropho-
tometer in the range 200-900 nm. A CON 700 bench
top conductivity meter from EUTECH Instruments
was used to measure the conductivity of the solvents
and methanol-water (v/v 1:1) solutions of the cop-
per(Il) compounds. The positive-ion electrospray
ionization—mass spectra (ESI-MS) of the four cop-
per(Il) complexes, dissolved in methanol, were
obtained using Thermo Finnigan LCQ mass spec-
trometer (National University of Singapore). X-band
EPR spectra (9.02-9.04 GHz) were measured on
JEOL JES-RE2X spectrometers with 100 kHz field
modulation of 0.5 mT. The fluorescence study was
carried out with a Perkin-Elmer LS55 Fluorescence
spectrometer. Fluorescence study of the interaction of
copper(Il) complexes with CT-DNA or ds(oligonu-
cleotide) was carried out with a 1.0 cm quartz cell.
Circular dichroism study of the interaction of cop-
per(Il) complexes with DNA was carried out with a
1.0 cm or 1.0 mm quartz cells respectively using a
Jasco J-810 spectropolarimeter. For studies on aque-
ous solution samples, distilled water was filled into the
reference cell while for studies in buffered solution the
corresponding buffer was used as the reference.

Synthesis of copper(Il) complexes

The series of [Cu(phen)(aa)(H,O)]NO3-xH,O com-
plexes 1-4 (Fig. 1; aa: gly, 1; pL-ala, 2; C-dmg, 3; sar,
4.x = 0, 1Y, 2) were prepared. A typical example is
given for the preparation of [Cu(phen)(pL-ala)(H,O)]-
NO;-2'2H,0 2. r-alanine (0.09 g, 0.001 mol) was
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added to a water—ethanol mixture of Cu(NO3),-3H,0
(0.25 g, 0.001 mol) and 1,10-phenanthroline (0.20 g,
0.001 mol) to give a dark blue solution. The solution
was raised to pH 8.1 with NaOH solution. On heating
the resultant solution in water-bath at 45 °C overnight,
blue needle crystals were obtained. Yield: 0.18 g,
40 %. Repeated attempts yielded suitable crystal for
X-ray crystal structure analysis.
[Cu(phen)(gly)(H,O)INO5-1¥2H,0, 1. Except for
ESI-MS, this literature compound has been previously
characterized (Zhang and Zhou 2008). Calculated m/z
(ESI-MS) of [Cu(phen)(gly)] " species: 317.2 for ®*Cu
(62.9296; relative abundance, 69.17) and 319.2 for
%5Cu (64.927792; relative abundance, 30.83).
[Cu(phen)(pL-ala)(H,O)]NO3-2"2H,0, 2. Calc. for
CisH19oN4O75Cu: C, 41.05; H, 4.36; N, 12.77 %.
Found: C, 41.13; H, 4.25; N, 12.76 %. FTIR (cm_l):
vou(water) 3468s; vyg(amino) 3230s; veoo-(asym,-
sym) 1636vs, 1384vs; pcu(phen) 858s, 723s. Found:
m/z (ESI-MS) 330.8 (100 %), 332.8 (~44 %). Cal-
culated m/z of [Cu(phen)(ala)]* species: 331.2 for
3Cu (62.9296; relative abundance, 69.17) and 333.2
for ®>Cu (64.927792; relative abundance, 30.83).
[Cu(phen)(C-dmg)(H,0)]NO;, 3. Calc. for Ci¢H;g
N4OgCu: C, 45.12; H, 4.26; N, 13.16 %. Found: C,
45.43; H, 4.09; N, 13.24 %. FTIR (cm™'): vou(water)
3437s; vyu(amino) 3235s; veoo- (asym,sym) 1663vs,
1384vs; pcu(phen) 848s, 722s. Found: m/z (ESI-MS)
344.8 (100 %), 346.8 (~43 %). Calculated m/z for
[Cu(phen)(C—dmg)]+ species: 345.3 for 8Cu
(62.9296; relative abundance, 69.17) and 347.2 for
%5Cu (64.927792; relative abundance, 30.83).
[Cu(phen)(sar)(H,O)INO3;, 4. Calc. for CysH¢Ny
O¢Cu: C,43.74; H,3.92; N, 13.60 %. Found: C, 43.69;
H, 3.95; N, 13.49 %. FTIR (cm_l): vou(water) 3331s;
vyu(amino) 3197s; veoo- (asym,sym) 1655vs, 1384vs;
ocu(phen) 859s, 724s. Found: m/z (ESI-MS) 330.8
(100 %), 332.8 (~44 %). Calculated m/z of [Cu(phen)
(sar)]t species: 331.2 for SCu (62.9296; relative
abundance, 69.17) and 3332 for ®Cu (64.927792;
relative abundance, 30.83).

X-ray crystallography data for [Cu(phen)(aa)
(H,O)]NO3-xH,0 (2, aa = pL-ala, x = 2Y%; 3,
aa = C-dmg, x = 0)

Intensity data for blue needle crystals of 2 (0.34 x
0.11 x 0.06 mm) and 3 (0.42 x 0.16 x 0.09 mm),
were collected at 293 K on a Bruker SMART APEX

area-detector and at 100 K on a Bruker APEXII Duo
CCD area detector with both using MoKo radiation,
4 =0.71073 A, over the range 2.44° < 0 < 26.37°
and 2° < 0 < 26° respectively. SHELXS-97 and
SHELXL-97 were used for solution and refinement
of 2 (Sheldrick 1997a, b). Apex2 software and
SHELXTL was used for data collection, solution and
refinement of 3 (Bruker 2009; Sheldrick 2008).
Absorption corrections for 2 and 3 were made using
SADABS (Sheldrick 1996) and SADABS (Bruker
2009) respectively. The structure was solved by direct-
methods and refined by a full-matrix least-squares
procedure on F2 with anisotropic displacement param-
eters for non-hydrogen atoms, C and N-bound hydro-
gen atoms in their calculated positions and a weighting
scheme of the form calculated w = 1/[s*(F2)+

(0.0000P)>+75.6448P] where P = (F2 +2F2)/3
(for 2) and w =1/ [sz (F?) + (0.0244P)2+0.6037P}

where P = (F2 + 2F?) /3 (for 3). Data collection and
experimental details for the complex are summarized
in Table 1 while the selected bond distances and
angles are given in Table 2. The molecular structures
of 2 and 3 are shown in Figs. 2 and 3. The structure 2
exhibited disorder of the alanine. This was modelled
as disorder of the CH3CH fragment over two sites of
equal occupancies and corresponds to racemisation at
C24; and appropriate restraints on the bond distances
were employed. A hydrogen atom was not added to the
molecular formula for one of the half water molecule
as it was disordered. The formula of 2 is given as
CuC,5H,sN,4O; s with one hydrogen atom less. The
crystallographic data for 2 and 3 have been deposited
as CCDC 809125 and 809126 respectively. These data
can be obtained free of charge via http://www.ccdc.
cam.ac.uk/conts/retrieving.html, or Cambridge Crys-
tallographic Data Centre, 12 Union Road, Cambridge
CB2 1EZ, UK; fax: (+44) 1223-336-033; or e-mail:
deposit@ccdc.cam.ac.uk.

DNA Binding studies

Stock solutions of CT-DNA were prepared by dis-
solving the DNA in buffer solution at 4 °C, and the
resultant homogeneous solutions were used within
2 days. The concentration of CT-DNA per nucleotide
phosphate was calculated from the absorbance at
260 nm by using ¢ = 6600 M~ cm™' (Reichmann
et al. 1954). The purity of the DNA was checked by
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monitoring the absorbance at 260 and 280 nm. PAGE
grade self-complimentary 12-mer oligonucleotides
(CG)s, (AT)g, HPLC grade G-quadruplex 22-mer
oligonucleotide 5-AGGGTTAGGGTTAGGGTTA
GGG-3/, and 17-mer complementary oligonucleotides
5'-CCAGTTCGTAGTAACCC-3, 3’-GGTCAAGCA
TCATTGGG-5" were annealed, to give the respective
duplex and G-quadruplex, as specified by the suppli-
ers, IstBASE and Eurogentec Ait. The circular
dichroism spectra were obtained by scanning TN
(5 mM Tris; 50 mM NacCl, pH 7.5) buffered solutions
of the DNA without and with complexes 1-4. Fluo-
rescence (FL) emission spectra in the study of EB
quenching assay in finding the DNA apparent binding
constants of complexes 1-4 were recorded in the
wavelength range 550-650 nm by exciting the solu-
tions respectively with light at 545 nm. Excitation and
emission slits were set at 10 nm. Solutions of DNA,
and the series of complexes 1-4 were prepared in TN
buffer (5 mM Tris, 50 mM NaCl) at pH 7.5 unless
specifically stated.

Binding constants from EB displacement assay

Binding constants of the copper(II) complexes 1-4 for
various DNA duplexes were obtained through quan-
titative titration of the DNA saturated with bound EB
with increasing concentration of copper(Il) com-
plexes. This is based on the competitive binding
model reported in the literature (Borger et al. 2001).
The competitive binding of the copper(Il) complex to
the DNA reduces the emission intensity of EB either
by quenching its emission or displacement to its free
state. Fluorescence measurements were obtained by
using a Perkin-Elmer LS55 photoluminescence spec-
trometer at room temperature (RT). The excitation
wavelength, ., was set at 545 nm and the emission
wavelength, A., was set at 600 nm at RT. For
determination of binding constant of each copper(Il)
complex with CT-DNA, a TN buffer (5 mM Tris,
50 mM NaCl) at pH 7.5 was used. Prior to titration
with the copper(Il) complex, portions of 3 mL mix-
tures of EB (0.32 pM) and CT-DNA (10 uM) were
incubated for 24 h to allow saturation of DNA with EB
(Seng et al. 2009). The previously reported optimized
conditions developed for a high-throughput method of
determining binding constants of various compounds
for a large collection of DNA hair-pin deoxyoligonu-
cleotides of short nucleotide sequences were used in
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determining the binding constants of complexes 1-4
with duplex deoxyoligonucleotides (duplex oligo)
(Borger et al. 2001). Similarly the ratio of duplex:EB
is 1:2 and the TN buffer (pH 7.5) composition is
100 mM Tris and 100 mM NaCl. Prior to titration
with copper(II) complex, portions of 3 mL mixtures of
EB (2 uM) and duplex oligo (1 uM) were incubated
for 24 h to attain saturation. For both cases, i.e. CT-
DNA and duplex, the serial titration was completed by
adding 1 pL of increasing concentration of copper(Il)
complex from appropriate stock solutions to the series
of 3 mL EB-DNA mixtures until the quenching of
DNA-bound EB fluorescence exceeded 50 %. The
final reaction mixtures were incubated for 2 h before
measurement of their fluorescence intensity. The
fluorescence emission intensities were plotted against
the complex concentration to yield a curve that
showed the relative extent of quenching of DNA-
bound EB. The values of the apparent binding
constant, K,,,, of the copper(Il) complexes were
calculated from the equation Ky, icomplexj [COMplex] =
Kappes[EB] where K,p,.gp is the apparent binding
constant of EB (which is usually assigned as
10’ M~ 1), Kappscomplex 18 the apparent binding constant
of copper(Il) complex, [EB] is the concentration of EB
used and [complex] is the concentration of the
copper(Il) complex at 50 % quenching (Borger et al.
2001; Rajendran and Nair 2006).

RE inhibition assay

The RE inhibitory activity was determined by observ-
ing the resultant band of A DNA. Each reaction
mixture contained 0.25 pg of A DNA, 2 pL of 10x RE
reaction buffer, 50 uM of copper(Il) complex, 5 units
of RE and sterile deionized water. The total volume of
each reaction was 20 pL. Firstly, 4 DNA was
incubated with copper(Il) complex at 37 °C for
60 min and RE added before the reaction mixture
was incubated for another 2 h at the same temperature.
The reactions were terminated by the addition of 2 uL.
of 10 % sodium dodecyl sulphate (SDS), and then
followed by 3 pL of dye solution comprising 0.02 %
bromophenol blue and 50 % glycerol. The mixtures
were applied to a 2.0 % agarose gel and electropho-
resed for 2 h at 80 V with running buffer of Tris-
acetate EDTA (TAE). The gel was stained, destained,
and photographed under UV light using a Syngene Bio
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Table 1 Crystal data and structure refinement of complexes 2

and 3
2 3
[Cu(phen)(pL-ala) [Cu(phen)(C-dmg)
(H,0)]-2%2H,0 (H20)]
Formula C15H18N4O7_5CU C|5H|8N406CU

Formula weight

Crystal system Monoclinic Triclinic
a (A) 20.2419(4) 7.3113(12)
b (A) 6.98050(10) 11.4021(7)
c (A) 25.1351(5) 12.0234(7)
o (°) 90.00 117.917(1)
p(© 97.2985(10) 102.920(2)
y () 90.00 93.039(2)
\% (AS) 3522.78(11) 848.66(16)
Space group C2lc pl
V4 2 2
Peate (g cm™) 1.651 1.667
F(000) 1800 438
Index ranges —25 < h < 25; —-9<h<9
-8 <k<8; —14 <k <12
-30<1<31 —-14<l<14
Final R indices R, = 0.0785, R; = 0.0208,
[I > 2a(D)] wR, = 0.1812 wR, = 0.0549
R indices R; = 0.0846, R, = 0.0219,
(all data) wR, = 0.1832 wR, = 0.0558
0 Range (°) 2.44-26.37 2.0-26.0
Reflections 18,749 3,259
Independent 3,610 3,121
reflections [R(int) = 0.0449] [R(@int) = 0.0188]
Goodness-of-fit 1.362 1.066
on F?
Residuals 0.853, —0.729 0.328, —0.304
(CR )

437.87

425.88

Imaging system and the digital image viewed with

Gene Flash software.

Binding constants from thiazole orange quenching

assay

Thiozole orange (TO) quenching studies were con-
ducted using oligo 5'-AG;3(T,AG3)3-3" (22-G), and
two complementary 17 nucleotide primers (17 bp),
5'-CCAGTTCGTAGTAACCC-3' and 3'-GGTCAA
GCATCATTGGG-5' as previously reported (Seng
et al. 2009). Previous researchers have shown that
22-G folds into a G-quadruplex while 17 bp adopts a
duplex DNA structure. Binding to each oligonucleotide

was determined by titrating the copper(II) complex into
a solution containing the oligonucleotide (1 uM) and
TO (2 M) in 10 mM cacodylate buffer (pH 7.2)
supplemented with 100 mM NaCl. Each fluorescence
spectrum was recorded and the area under the peak was
determined using the instrument software for every
addition of the copper(Il) complex. The area was
plotted as a function of copper(Il) complex concentra-
tion and the concentration of copper(Il) complex that
reduced the area under the peak by 50 % was taken as
the QCso value. Binding constants were calculated
assuming a simple competitive binding model (Stern—
Volmer equation). The values of the apparent binding
constant, Ky, of the metal complex were calculated
from the equation Kpp, [complex) [cOMPplex] = Kypp 1o [TO]
where K, 1o is the apparent binding constant of TO
with a literature value of 3 x 10° M~ (Monchaud
etal. 2008), K,pp,complex 1S the apparent binding constant
of copper(Il) complex, [TO] is the concentration of
TO used and [complex] is the concentration of the
copper(Il) complex at 50 % quenching (i.e. QCs).

DNA-fiber EPR

Preparation of DNA-fibers containing paramagnetic
copper(I) complexes, instrumentation and EPR mea-
surements were carried out as described previously.
The DNA from salmon testes was dissolved in 20 mM
NaCl to make a solution of approximately 1 mM DNA
base pair concentration. Subsequently, the complex
solution was added drop wise to the DNA, and stirred
for approximately 12 h at 4 °C. The DNA-pellet was
obtained by ultracentrifugation of the mixed solution
at 60000 rpm for 7 h. The DNA fibers were prepared
from the pellet as previously reported (Chikira et al.
1997; Chikira 2008).

Topo I assay

The human DNA Topo I inhibitory activity by
copper(Il) complexes 1-4 was determined by measur-
ing the relaxation of supercoiled plasmid DNA
pBR322. Each reaction mixture contained 10 mM
Tris—HCl, at pH 7.5, 100 mM NaCl, 1 mM phenyl-
methylsulfonyl fluoride (PMSF), and 1 mM 2-mercap-
toethanol, 0.25 pg plasmid DNA pBR322, 1 unit of
human DNA topo I, and the copper(Il) complex at a
specified concentration. Total volume of each reaction
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Fig. 2 Ortep plot of
[Cu(phen)(pL-ala)(H,0)]
NO;-2%2H,0, 2, showing
one molecule with one of the
coordinated alanine isomer
(The lattice water molecules
are not shown for clarity)

Fig. 3 Ortep plot of
[Cu(phen)(C-dmg)
(H0)INO;, 3

mixture was 20 pL and these mixtures were prepared
on ice. Upon enzyme addition, reaction mixtures were
incubated at 37 °C for 30 min. Each reaction was
terminated by the addition of 2 pL of 10 % SDS, and
then followed by 3 pL of dye solution comprising
0.02 % bromophenol blue and 50 % glycerol. The
mixtures were applied to a 1.2 % agarose gel and
electrophoresed for 5 h at 33 V with running TAE
buffer. The gel was stained, destained, and photo-
graphed under UV light using a Syngene Bio Imaging
system and the digital image viewed with Gene Flash
software.

The effect of sequential mixing of topo I, plasmid
DNA pBR322 and copper(Il) complex in the above
topo I inhibition assay was also investigated for all the
complexes, 1-4. Three different sequential mixings
were used. In the first case, human DNA topo I

incubated with copper(Il) complexes at 37 °C for
30 min before DNA was added and the reaction
mixture was incubated for another 30 min at the same
temperature. In the second case, copper(Il) complex
and DNA were incubated for 30 min at 37 °C first
before the addition of human DNA topo I and a further
incubation of 30 min at same temperature. In the third
case, all three components were mixed simultaneously
and incubated for 30 min at 37 °C.

Anticancer studies
Culture of nasopharyngeal cell lines
HK1 (a kind gift from Professor George SW Tsao,

Hong Kong University, Hong Kong), an Epstein—Barr
virus (EBV) negative nasopharyngeal carcinoma cell
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line, was derived from a patient from Hong Kong.
HK1 cells, was maintained at 37 °C in a humidified
atmosphere of 5 % CO, in RPMI 1640 medium
(Gibco, Invitrogen, CA, USA) supplemented with
10 % fetal bovine serum (FBS) (Gibco, Invitrogen,
CA, USA), 50 U/mL penicillin (Invitrogen, CA, USA)
and 50 pg/mL streptomycin (Invitrogen, CA, USA).
The identity of HK1 cells was validated by DNA
fingerprinting using AmpFISTR Identifiler® PCR
amplification kit (Applied Biosystems, USA) and
confirmed mycoplasma free by regular testing using
VenorGeM® mycoplasma detection kit (Minerva
biolabs, Germany). NP69-SV40T (NP69) (also a kind
gift from George SW Tsao), an immortalised naso-
pharyngeal epithelial cell line was maintained in
keratinocyte-serum free media (KSFM) supplemented
with 25 pg/mL bovine pituitary extract (BPE) and
0.16 ng/mL. recombinant epidermal growth factor
(Gibco, USA), 50 U/mL penicillin and 50 pg/mL
streptomycin.

MTT viability assay

HK1 and NP69 were harvested from exponential
growth phase maintenance cultures. Cells were seeded
at a density 1 x 10° cells/mL in 100 pL medium per
well in a 96-well flat bottom tissue culture plate
(Orange Scientific), followed by incubation at 37 °C
in a5 % CO, incubator overnight to allow the cells to
attach to the wells. The cells were washed using
phosphate buffer solution (PBS) and the culture media
replaced with 100 pL of fresh culture media with or
without test compounds before being incubated for a
further 24 h under the same conditions. Cells were
treated with six different compound concentrations
(25, 12.5, 6.25, 3.12 and 1.56 puM) of complexes 1-4
and Cu(80OHQ),. Each set of experiment was done in
triplicate.

After 24-h incubation of cells with or without test
compounds, a 20-pL solution of MTT in PBS (5 mg/
mL) was added to each well. The cells were incubated
for a further 4 h under the same conditions to allow
MTT to be metabolized. The plate was centrifuged at
1,000 rpm for 5 min. The viable cells producing
formazan were inspected microscopically and the media
were slowly aspirated. Then, 100 pL dimethyl sulfoxide
(DMSO) per well was added to dissolve the formazan
using a multichannel pipette. The optical density was
measured using enzyme-linked immunosorbent assay

@ Springer

(ELISA) plate reader (Dynatech MRX) at a wavelength
of 570 nm with background subtraction at 630 nm.
Every experiment included a set of negative controls
(untreated cultures), and blank wells without cells.
Percentage of cell viability was calculated using
Microsoft Excel and ICs values (the concentration of
the complex causing 50 % growth inhibition) were
estimated from dose response curves.
Calculation

Mean optical density of sample

11 viability (%) =
cell viability (%) Mean optical density of control

x 100

Annexin V-FITC/PI double staining in flow cytometric
analysis of apoptosis

Both HK1 and NP69 cells were cultured in separate
60 mm petri dishes for the apoptosis assay. When the
cells reached 70-80 % confluency, they were treated
separately with 5 uM complexes 1-4 and Cu(80OHQ),
for 24 h. Cells were also cultured without treatment as
negative control. Apoptosis assay was performed
using Annexin V-FITC Apoptosis Detection Kit II
(BD PharmingenTM).

Suspension cells and adherent cells in each of the
above samples were treated as described herein. The
suspension cells in the culture medium were collected,
washed with PBS and then collected. Adherent cells
remaining in the petri dish were trypsinised with 1 mL
accutase (Millipore) at 37 °C for 5 min to completely
detach the cells. Both fractions of cells, i.e. collected
suspension cells and detached adherent cells, were
combined and centrifuged at 1,000 rpm for 5 min. The
resultant pellet of cells was resuspended in 1 x binding
buffer and cell count performed. A solution with a cell
population of 1 x 10° cells/mL was prepared and
100 pL of this solution containing 1 x 10> cells was
transferred into a 12 x 75-mm, 5 mL polystyrene
round bottom test tube (Becton, Dickson and com-
pany). FITC Annexin V (5 pL) and PI (5 pL) was
added to each test tube. Cells were mixed gently and
incubated for 15 min at RT in the dark before adding
400 pL of 1x binding buffer. All treated cells samples
were filtered into labeled 12 x 75-mm, 5 mL poly-
styrene round bottom test tubes with cell strainer caps
and analyzed immediately by fluorescent activated
cell sorter (FACS Calibur, Becton-Dickinson).

Unstained cells, cells stained with Annexin V-FITC
only and cells stained with PI only were used as
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controls to set up compensation and quadrants. BD
CellQuest Pro software was used to analyze the data.

Statistical analysis

Statistical analyses were performed on the apoptosis data
using SAS 9.2 statistical software for Windows. Wilco-
xon Rank Sum test (one-sided and two-sided) was
performed to check for significance. A calculated value of
p < 0.05 was considered statistically significant.

Results and discussion
Structures of complexes 1-4

Four complexes of the general formula [Cu(phe-
n)(aa)(H,O)]NO3-xH,0, 1-4 (amino acid (aa): gly, 1;
pL-ala, 2; C-dmg, 3; sar, 4; x = number of water
molecules), were synthesized and characterized. Their
structures were confirmed by X-ray crystallography
analysis of 2 and 3. The molecular structures of 2 and 3
are shown in Figs. 2 and 3 respectively. Each mole-
cule consists of a discrete distorted square pyramidal
[Cu(phen)(aa)(H,0)]" complex cation and a NO3
counter anion. For both cationic complexes, two
nitrogen atoms of 1,10-phenanthroline, a carboxylate
oxygen and an amino nitrogen atoms of the amino acid
(pL-ala for 2; C-dmg for 3) form the basal plane of the
pyramid. A weakly coordinated water molecule
occupies the apical position. Complex 2 is racemic,
i.e. exists as [Cu(phen)(pL-ala)(H,O)]NO5-2%2H,0,
and has 2”2 lattice water molecules. The original L-ala
used to make 2 has racemised under basic condition
used. There is no lattice water in 3. These structures
are similar to [Cu(phen)(gly)(H,O)]NO3-12H,0, 1
reported by Zhang and Zhou (2008). There seems to be
no significant effect of the methyl substituent(s) on the
structure of the [Cu(phen)(aa)(H,0)]" in 1, 2 and 3
except that 3 is least distorted. Since the FTIR of 4 is
very similar to those of 1-3, it was deduced that
complex 4 may have the same structure as 1-3.

Solution studies of complexes 1-4

The crystal structures of 1, 2 and 3 show that each solid
compound is ionic with NO3™ as counterion. To study
the species in solution and the lability of the coordi-
nated amino acid, the molar conductivity of copper

compounds 1-4, Cu(NO3), and the aa ligands (i.e.
where aa = gly, pL-ala, C-dmg respectively) in water—
methanol were determined (Table 3). The poor con-
ductivity of phen, r-ala, gly, sar and C-dmg ligands
(0.85-1.42 Q' cm? mol™') shows that they are non-
electrolyte in water—methanol. Cu(NO3), has a molar
conductivity of 143.35 Q' cm” mol ™! typical of 2:1
electrolyte (Ikotun et al. 2009). Complexes 1-4 have
molar conductivity values (51-58 Q' cm? mol™!)
within the range of 1:1 electrolytes (Bolos et al. 1996),
confirming the presence of uncoordinated NOj3;™ as
counterion. As their molar conductivity values were
almost constant over 24 h, complexes 1-4 should
remain as 1:1 electrolytes and should be cationic
species, [Cu(phen)(aa)(H,O)]", were probably stable
in aqueous solution during this period. The visible
region A, of the aqueous solutions of complexes 1-4
lies in the range 612—620 nm while that of aqueous
solution of Cu(NOs), is about 800 nm (Table 4;
Supplementary data: Fig. S1 show visible spectrum of
3). There was no significant change in A, of each of the
solutions of complexes 1-4 over 24 h, indicating no
change in the coordination sphere of the copper(Il) in
each complex species in solution. Substitution of
coordinated amino acid ligand with water molecule
would shift the A, to longer wavelength. This is
consistent with the above molar conductivity data
analysis. In addition, the copper(Il) cationic complex
species dissolved in methanol were detected by ESI-
MS. Each positive-ion ESI mass spectrum shows only
two intense [Cu(phen)(aa)]Jr m/z peaks due to different
isotopic copper (**Cu and ®>Cu) with the correct isotopic
distribution. There was no dissociation of phen and aa™
ligands (Supplementary data: Figs. S2.1-2.4). The
coordinated water molecule in [Cu(phen)(a1a)(H20)]+
dissociates under the ESI-MS conditions, as observed in
ESI-MS of other copper(Il) complexes (Halder and
Zangrando 2010; Ruiz et al. 2007).

Comparative EPR study of complexes 1-4
with salmon sperm DNA

The g, signals of all the complexes 1-4 became most
intense at ® = 0° and least at ® = 90°, indicating that
they bind to DNA with the g, axis parallel to the DNA
fiber axis. Such @ dependence corresponds to the case
when the copper coordination plane involving the
phenanthroline moiety is parallel to the DNA base-
pair, characterizing the intercalative or partially
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Table 3 Molar conductivity (' cm? mol™") of complexes
1-4 and other compounds at 1 x 107°M

Compounds Time

0Oh lh 24 h
1 53.10 53.37 55.92
2 51.77 52.13 54.61
3 56.13 56.53 58.05
4 56.65 56.78 58.05
Cu(NOs), 143.35 143.18 143.72
Phen 1.21 1.33 1.61
L-ala 0.85 0.92 1.12
Sar 1.12 1.28 1.59
Gly 1.03 1.11 1.37
C-dmg 1.42 1.51 1.87
KCI* 1,413 1,412 1,402

? Supplied by instrument manufacturer as calibrant solution
with unknown concentration

Table 4 Visible spectral data of 1 x 107M Cu(NOs), and
complexes 1-4 in water—methanol (1:1 v/v)

Compound A (molar absorbtivity)

0Oh 1h 24 h
Amax/Dm Amax/nNM Amax/Dm
&M em™h &M em™h &M em™h
Cu(NO3),  799.50 (12.0) 803.03 (12.1) 839.14 (14.4)
1 615.99 (48.4) 618.89 (52.1) 620.92 (47.8)
2 615.56 (44.4) 611.98 (52.4) 615.73 (63.2)
3 612.03 (59.9) 608.92 (84.1) 610.50 (79.0)
4 619.96 (60.7) 620.00 (62.5) 624.04 (61.0)

intercalative binding mode of the complexes (Fig. 4;
Supplementary Figs. S2.1-2.4). Similar EPR spectra
have been reported for [Cu(phen)(aa)] complexes,
where aa = glycine, leucine, serine, threonine, cys-
teine, methionine, asparagines, lysine, arginine and
glutamine (Chikira et al. 2002). Two kinds of g,
signals were observed clearly for 2, 3, Cu(phen)Cl,,
and weakly for 4 and 1. The two g, values (g, = 2.30
and g,, = 2.23) of Cu(phen)Cl, in frozen solutions
have been assigned to [Cu(phen)(OH2)2]2+ and
[Cu(phen)(OH,) (OH)]T, respectively (Fig. 4) (Chik-
ira et al. 2002). These results indicate that the amino
acid residues of 2 and 3 partly dissociated upon
binding to DNA. Interestingly, both complexes 2 and 3
have methyl substituent(s) at the a-carbon of the
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coordinated amino acid while complex 4 has a methyl
substituent at the amino N-atom of its coordinated
amino acid. Thus, the ease with which the coordinated
o-amino acid in complexes 1-4 dissociates from the
copper(Il) upon binding to the DNA depends on the
position of the methyl substituent(s). Upon binding to
DNA, complexes 1-3 underwent dissociation easily
with resultant loss of amino acid moiety whereas 4
showed prolonged dissociation. It should be noted
that the EPR spectrum of a previously synthesized
[Cu(phen)(mal)Cl] complex (Tan et al. 2008)
(mal = maltolate) did not show any g, signal of the
dissociated species, viz. [Cu(phen)(OHz)Z]zJr and
[Cu(phen)(OHz)(OH)]+. This suggests that [Cu(phen)
(mal)Cl] is more stable than complexes 1-4 and that it
can intercalate to DNA without dissociation of mal
moiety.

DNA binding studies with different B-form
duplexes

The earlier section on solution studies showed that 1-4
are cationic species in solution. EPR, spectroscopic
and viscosity data have shown that [Cu(phen)(gly)
(H,0)]" bind to duplex DNA by intercalation (Zhang
and Zhou 2008; Chikira et al. 2002). EPR evidence in
the previous section also showed that all the
[Cu(phen)(aa)(H,0)]* complexes with methylated
glycine ligands bind to the DNA by intercalation.
The methyl substituent(s) seems not to affect the mode
of binding. By using EB displacement assay, we
evaluated the apparent binding constants of the
copper(Il) complexes 1-4 for various DNA duplexes.
This was to investigate any possible effect of the
number and position of the methyl substituent of the
methylated glycine ligand on the DNA binding affinity
and selectivity of [Cu(phen)(aa)(H,0)]". The binding
constants of complexes 1-4 on CT-DNA, calculated
based on the competitive binding model, are 1.20 +
0.15 x 10%, 1.02 £ 0.18 x 10% 1.09 £ 0.22 x 10*
and 5.30 & 0.13 x 10’ respectively. These binding
constants are higher than that for Cu(phen)Cl, which
was found to be 4.00 + 0.04 x 10 (Seng 2010). The
binding constant of 4 is lower than that of 1 (by 2x)
whereas those of 2 and 3 are not significantly higher
than that of 1. The sar ligand in 1 has a methyl group
at the amino nitrogen of the aa ligand whereas aa
ligand in 2 and 3 have methyl group(s) at the
corresponding o-carbon. It seems that the binding
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Fig. 4 EPR spectra of 3,
[Cu(phen)(mal)Cl] and
[Cu(phen)Cl,] on B-form
DNA fibers at RT. () is the
angle between the DNA-
fiber axis and static
magnetic field

|

S

(gyi.fm:) [Cu(phen)(C-dmg)(H.0)]

o e o -

[Cu(phen)(mal)Cl]

—

Cu(phen)Cl,

®=0°
30°
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20°
1 A 1 1 '
250 300

affinity of [Cu(phen)(aa)(H,0)]" for CT-DNA is only
affected by the position of the methyl group at the
amino nitrogen atom of the aa ligand.

The binding affinity of [Cu(phen)(aa)(HZO)]Jr for
ds(AT)g or ds(CG)g is not greatly affected by the
number or position of the methyl substituent(s) of the
amino acid moiety (Fig. 5a; Table 5). The presence
of methyl substituent(s) in the methylated glycine in
complexes 2—4 slightly enhanced the binding prefer-
ence for CG or AT sequences in comparison to
[Cu(phen)(gly)(H,0)]* in (1)]. The presence of N-
methyl group in complex 4 seems to have contrasting
effect on the DNA binding constant. It significantly
lowered the binding affinity of 4 for CT-DNA
compared to 1 whereas it increased the binding affinity
for both ds(AT)e and ds(CG)e duplexes. However, the
binding constants of complexes 1-4 for the ds(CG)g is
about twice those of the corresponding values for
ds(AT)e, suggesting greater selectivity of these com-
plexes for CG sequences than AT sequences. Previ-
ously, it was found that cationic metal complexes

Magnetic field (mT)

prefer to bind to AT sequences than to CG sequences
because of greater electrostatic interaction (Wheate
and Collins 2000). The reason for this deviation is still
unknown.

RE inhibition

To investigate the binding specificity of complexes 1—
4, a RE inhibition assay was used. Binding specificity
of a metal complex can arise from the complex
binding at the unique binding site of a RE which
prevents the RE from binding at such sites on the A
DNA. As a result, the RE cannot cut the DNA.
Consequently, a complex which can inhibit an RE is
said to be binding selectively. A complex which
inhibits less number of REs is said to bind more
selectively as it binds to lesser number of such unique
binding sites. Twelve RE (with binding site given
in parentheses; | denotes cutting site), viz. Tsp 5091
(5'-]AATT-3"), Munl (5'-C|AATTG-3"), Bst 11071
(5’-GTA|TAC-3"), Ndel (5'-CA|TATG-3'), EcoRI
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a CT-DNA
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[Cu(phen)(aa)(H,0)]-xH,0 complexes

Fig. 5 Apparent binding constants (mean of triplicates) of complexes 1-4 for CT-DNA (a), ds(AT)g (b) and ds(CG)g (¢) with standard

deviations

Table 5 EB quenching assay results for complexes 1-4 on
ds(AT)e and ds(CG)g oligonucleotides

Complex Apparent binding
constant
(Kapp) M™" 0n

ds(AT)s

Apparent binding  Kat/
constant K
(Kapp) M™" 0n

ds(CG)e

3.17 £ 0.20 x 10* 6.51 + 0.14 x 10* 0.49
3.66 & 0.09 x 10* 7.31 +0.18 x 10* 0.50
3.56 &+ 0.17 x 10* 6.81 £ 0.13 x 10* 0.52
333 +£0.12 x 10* 6.62 + 0.10 x 10* 0.50
Cu(phen)Cl, 3.17 £ 0.09 x 10* 6.58 + 0.17 x 10* 0.48

W N -

@ KAT/KCG = ratio of Ka dS(AT)G/Kapp, dS(CG)6

pp>

(5'-GJAATTC-3"), Asel (5'-AT|TAAT-3'), Scal
(5-AGT|ACT-3"), Pvull (5-CAG|CTG-3'), Sall
(5’-G|TCGAC-3'), Psl (5'-CTGCA|G-3"), Haelll
(5’-GG|CC-3"), and Sspl (5-AAT|ATT-3'), were
used. It was found that 1, 2 and 4 inhibited Sspl, Asel,
Ndel and Bst 11071 while 3 inhibited only Sspl and
Ndel (Supplementary data: Figs. S4.1-S4.4). The
presence of only one methyl substituent in the meth-
ylated glycine moiety of 2 and 4 did not change the REs
that can be inhibited, in comparison with REs inhibited
by 1. The copper(Il) complexes 2 and 4 have the same
binding selectivity as 1 which has unmethylated
glycine. The binding selectivity of 3 is higher than
those of 1, 2 and 4 as the former inhibited lesser number
of REs. The higher binding selectivity of complex 3
may be attributed to the presence of two o-methyl
substituents. Interestingly, CuCl, and phen did not
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inhibit any of the 12 REs (data not shown) even though
the respective complex Cu(phen)Cl, seems to bind,
albeit selectively than 1-4, as it inhibited 7 REs, viz.
Tsp 5091, Asel, Sspl, Munl, EcoRIl, Ndel, and Bst
11071, under the same conditions (data not shown).
This means that coordination of amino acid to the
copper(Il)-phen increases its DNA binding selectivity.

The effect of buffer ionic concentration (NaCl) on
the DNA binding affinity of 1-4 was also studied.
As expected, the binding constant of each copper
complex decreased with increasing NaCl concentra-
tion (supplementary data, Table S1; 040 mM) and
this corroborated our findings that 1-4 exists as
cationic [Cu(phen)(aa)(H,0)]" and anionic NO3
ions in aqueous solution, and that they also bind to
DNA by electrostatic attraction with the negatively
charged phosphate backbone of the DNA. At 20 and
40 mM NaCl, the binding constants of 4 decreased
significantly, suggesting the greater weakening
effect of methyl substituent at amino nitrogen than
that of the methyl substituent at the «-carbon of the
coordinated glycine moiety on the DNA binding
affinity.

Binding with G-quadruplex

The CD spectrum of the G-quadruplex (G-4 duplex),
annealed from a human telomeric 22-base oligonucleo-
tide 5'-AG3(T,AG3)3-3', shows two maxima at 295 and
246 nm, and a minimum at 267 nm. This has been
previously established to have an anti-parallel structure
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Fig. 6 Sets of CD spectra of 20 uM of G-quadruplex
5'-AG3(T,AGs3)3-3" in the absence and presence of different
concentration of [Cu(phen)(aa)(H,0)]" (a gly, 1; b pL-ala, 2;
¢ C-dmg, 3; d sar, 4), and each of set of spectra a—d contains CD

with basket strand orientation (Seng et al. 2009). The
G-4 was titrated with increasing concentration of
complexes 1-4 (Fig. 6). The three CD spectral peaks
of the G-4 duplex did not change with the addition of
each copper(Il) complex, suggesting retention of the
anti-parallel structure. With increasing complex con-
centration (60, 120 uM), the intensity of the 295 nm
positive band of the G-4 duplex CD spectrum decreased,
suggesting slight destabilization of the G-4 duplex
(Seng et al. 2009; Nagesh and Krishnaiah 2003).

In addition to CD studies, thiazole orange quench-
ing studies were conducted on (i) the above 22-base
G-4 duplex, and (ii) a duplex (17 bp), annealed from
two complementary 17 nucleotide primers, 5'-CCA

Table 6 TO quenching assay results studies of complexes 1-4
on G-quadruplex and duplex DNA

Complex G-quadruplex DNA  Duplex DNA Ratio
binding constants binding constants 22
2GM™h 17 bp M) G/17 bp

1 344013 x 10* 6.6+0.18 x 10> 5.15

2 37 £0.16 x 10* 9.5+ 021 x 10° 3.89

3 45 +0.19 x 10 9.6 £0.14 x 10* 4.69

4 1.0 £0.09 x 10° 1.1 £0.11 x 10* 9.09

170000
2 10000
=)
B \
= 0%
-80000 L~ i
220 250 300 350
Wavelength (nm)
170000
= 10000
=
S
= 0L

70000 L/ '
220 250 300 350

Wavelength (nm)

of G-quadruplex alone (/), G-quadruplex with 60 uM complex
(ID), G-quadruplex with 120 pM complex in TN buffer (/I])
(5 mM Tris, 50 mM NaCl) at pH 7.5

GTTCGTAGTAACCC-3' and 3'-GGTCAAGCAT-
CATTGGG-5, to find the apparent binding constants
(Kapp) of complexes 1-4 for these DNA structures
(Seng et al. 2009). Binding constants were again
calculated using a simple competitive binding model
(Stern—Volmer equation) as previously described in
the literature (Seng et al. 2009). The results for the
G-4, duplex, and the ratio of quadruplex to duplex are
shown in Table 6 and Fig. 6.

The variation in G-quadruplex DNA binding affin-
ity is observed in Table 6 (and Fig. 6), in which the
order of G-quadruplex DNA binding affinity of the
complexes is 4 > 3 > 2 > 1. The copper(Il) complex
1, with no methyl substituent, showed the lowest
binding affinity on G-quadruplex DNA. The other
complexes 2—4, with methyl substituent(s), showed
greater G-quadruplex DNA binding affinity. The
result revealed that the G-quadruplex DNA binding
affinity of 1 can be improved by incorporating methyl
group(s) into the coordinated glycine. Furthermore the
binding constant of 4, compared to those of 2 and 3,
suggests greater significance of the methyl group at the
amino nitrogen than at the a-carbon of the amino acid.

The 22 G-4/17 bp ratio is calculated by dividing the
apparent binding constant of copper(Il) complex on
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22-base G-quadruplex DNA over its apparent binding
constant on 17 bp duplex DNA. The 22 G-4/17 bp
ratio indicates the binding selectivity of copper(Il)
complexes for G-quadruplex DNA sequence than for
duplex DNA. However, based upon the 22 G-4/17 bp
ratio, complexes 3 (22 G-4/17 bp ratio = 4.69) and 2
(22 G-4/17 bpratio = 3.89) have lower G-quadruplex
DNA selectivity than 1 (22 G-4/17 bp ratio = 5.15)
while complex 4 has the greatest selectivity towards
G-quadruplex DNA (22 G/17 bp ratio = 9.09)
(Table 6). These results suggest that the position and
number of methyl substituent in the coordinated
glycine moiety modulate the G-4 binding selectivity.
The above higher binding affinity for G-4 over duplex
DNA is in line with the distinguishing characteristic of
a molecule as potential G-4 targeting anticancer drug
(Gan et al. 2011).

Topo I inhibition

Topoisomerases are proteins required for important
biological processes such as DNA replication, tran-
scription and repair, and chromatin assembly by
introducing temporary DNA single-strand or double-
strand break. Topo I unwind duplex DNA through
transient single-strand break, resulting in a more
relaxed DNA. Supercoiled plasmid DNA pBR322 is a
suitable substrate to study the inhibition of Topo I as
the speed of migration of the topoisomers (relaxed
DNA) on the electrophoresis gel decreases with the
degree of relaxation (Webb and Ebeler 2008). One
unit of Topo I was able to convert all the pPBR322 into
full relaxed topoisomers and nicked DNA. It was
observed that slower moving bands of topoisomers
were formed with increasing concentration of com-
plexes 1-4 (Fig. 7). These results showed that they
could inhibit the Topo I and that the inhibition was
concentration dependent. Visually, there seems to be
no significant difference in the degree of Topo I
inhibition by these complexes, suggesting no or
minimal effect of the number and position of the
methyl substituent in the amino acid moiety on the
degree of Topo I inhibition. This Topo I inhibitory
property of the above copper(Il) complexes and their
DNA binding specificity are similar to some antican-
cer organic compounds which target topoisomerases
(Arjmand and Muddassir 2010; Chashoo et al. 2011;
Capranico et al. 1997; Rao et al. 2007; Arimondo et al.
2006).

@ Springer

As a preliminary investigation into the mechanism
of action of the above Topo I inhibition, we used three
variations of mixing the DNA, Topo I and each of the
copper(Il) complexes (at 50 uM) for the Topo I
inhibition assay (Fig. 8 panels a—). The observed gel
patterns (panels a—c) were distinctly different. For
those experiments where copper(Il) complex and
Topo I were mixed first before adding DNA (Panel
b), the gel images showed more intense band of fastest
moving supercoiled DNA, suggesting greater inhibi-
tion of Topo I for this sequence of mixing. Prior
interaction of copper(Il) complexes with Topo I
resulted in greater inhibition of the Topo I activity
than the other modes of mixing. These results suggest
that the inhibitory mechanism involves both binding
of copper(Il) complexes to DNA and the Topo L.

Anticancer study

The preceding discussions led us to evaluate com-
plexes 1-4 and a known anticancer compound
Cu(80OHQ), (Daniel et al. 2004; Zhai et al. 2010) for
their cytotoxic property in vitro against cancer naso-
pharyngeal cell line HK1 and normal nasopharyngeal
cell line NP69. Viability-concentration curves plotted
from MTT antiproliferative assay data showed that
they inhibited the proliferation of the two cell lines in a
dose-dependent manner when these cells were incu-
bated with increasing concentration of test drugs
(0-25 uM) for 24 h (Supplementary data: Fig. S5).
The ICs, values of 1-4 for HK1 were in the range of
2.2-5.2 uM while the corresponding values for NP69
were greater than 13.0 uM (Table 7). The ICs values
of 2-4 were very similar and not significantly lower
than that of 1, suggesting no distinct effect of presence
of methyl substituent(s) in glycine moiety on the
antiproliferative property on HK1 cancer cells. Nev-
ertheless, these complexes (1-4) were distinctly more
antiproliferative against HK1 than NP69 by a factor of
about 4 times or more than 10 times (Table 7).
Cisplatin, a clinical anticancer drug with some harm-
ful side effects, was reported to be highly cytotoxic to
normal cell lines (NP69, PBMC, CCD19Lu) than NPC
cell lines (SUNEI1, CNE2, C666-1) (To et al. 2009;
Wang et al. 2006). The known anticancer copper(II)
complex that was tested, Cu(8OHQ),, was equally
antiproliferative towards HK1 (ICsy, 2.0 pM) and
NP69 (ICs, 3.2 uM). Approximately 5.2-7.5 uM of
1,3.9-5.8 uM of 2, 2.2-4.4 uM of 3, and 2.2-4.8 uM
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Fig. 7 Gel electrophoresis results of incubating human topo-
isomerase I (1 unit/21 pL) with pBR322 (0.25 pg) in the
absence or presence of 5-40 uM of complexes 1-4
(@ aa=gly, 1, b aa=npr-ala, 2; ¢ aa=C-dmg, 3;
d aa = sar, 4) where Lane I & 5 gene ruler 1 Kb DNA ladder,
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lane 2 DNA alone, lane 3 DNA + 40 puM complex (control),
lane 4 DNA + 1 unit Topo I (control), lane 6, DNA + 5 uM
complex + 1 unit Topo I, lane 7 DNA + 10 uyM com-
plex + 1 unit Topo I, lane § DNA + 20 uM complex + 1 unit
Topo I, lane 9 DNA + 40 uM complex + 1 unit Topo I
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e

Fig. 8 Effect of sequence of mixing for the human Topo I
inhibition assay. Electrophoresis results of incubating Topo I
(1 unit/21 pL) with pPBR322 (0.5 pg/pL) and 50 pM complexes
1-4. Controls: lane (L) 1 DNA alone; DNA + 50 pL various
compounds (L2 Cu(phen)Cl,, L3 1, L4 3, L5 2, L6 4); L7
DNA + 1 unit Topo I. Panel a all three components mixed at

of 4 reduced the cell viability of HK1 by 50-70 %
while they maintained more than 70 % of the cell
viability of NP69. Thus, complexes 1-4 showed
selectivity towards cancerous NPC over normal
nasopharyngeal cells whereas both Cu(80HQ), and
cisplatin did not.

Annexin V-FITC/PI double staining with flow
cytometry was also used to compare the apoptosis
induced by the 5 uM of each of the five copper(Il)
complexes in both cell lines (Fig. 9). Statistical

r 3
v
T
.
r 3
v

|
=x
|
)

same time; panel b complex + Topo I incubated for 30 min
before adding DNA; and panel c complex + DNA incubated for
30 min before adding Topo I. Compounds and lanes:
Cu(phen)Cl, L8, L14, L20; 1 L9, L15, L21; 3 L10, L16, L22; 2
L11,L17,L23;4 Li2,L18, L24

analysis using Wilconxon Rank Sum test was done
on the apoptosis data. The four complexes 1-4 induced
41-60 % apoptotic cell death in HK1 cancer cells
while Cu(80OHQ), induced 82 %. Thus, complexes 1—
4 showed moderate activity compared to Cu(80OHQ),.
It is statistically found that % apoptosis induced in
normal NP69 cells by 5 pM of 1-4 is comparable
to that in untreated cells, indicating non-toxicity of
1-4 towards NP69. However, 5 pM [Cu(8OHQ),]
was highly cytotoxic to both NP69 (% apoptosis,
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Table 7 ICs, values of complexes 1-4 and [Cu(80HQ),] for
nasopharyngeal cell lines

Compound HK1 (uM) NP69 (uM) Ratio
NP69:HK1
Cu(80HQ), 2.0 3.2 1.6
1 5.2 >25 >4.8
2 3.9 13.8 35
3 2.2 >25 >11.4
4 2.2 >25 >11.4
100+ * ¥

Apoptosis (%)

Untreated 1 2 3 4

Cu(SOHQ);

Fig. 9 % Apoptosis induced by 5 uM of complexes 1-4 and
Cu(80HQ), in HK1 cancer cells and NP69 normal cells at 24 h
incubation. *p < 0.05 for comparing treated cells with untreated
cells for the same cell line; #p < 0.05 for comparing treated
cancer cells with treated normal cells with the same compound

88 £ 11 %) and HK1 (% apoptosis, 82 £ 12 %). In
other words, [Cu(80OHQ),] is non-cytoselective
towards HK1 and NP69. Of particular interest to us
was that substitution of glycine with methylated
glycine to give copper(Il) complexes 2—4 did not have
any significant increase in their cytotoxicity towards
HK1 cells compared to that of 1.

Like other Topo I-inhibitor anticancer drugs, cyto-
toxic and apoptotic effects in HK1 cancer cells could
result from inhibition of Topo I functions (Arjmand
and Muddassir 2010; Chashoo et al. 2011). We have
shown that copper(Il) complexes 1-4 inhibited Topo I
by either prior interaction with Topo I or initial
binding to DNA. The mechanism of action of com-
plexes 1-4 may or may not be the same as that of Topo
I-inhibitor anticancer drugs. Experiments are needed
to establish the mechanism via which apoptosis is
induced.

Selectivity or specificity of 1-4 towards HKI
cancer cells over normal NP69 cells can be partly
explained in terms of Topo I inhibition as many types
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of cancer cells have higher levels of Topo I than
normal cells (Souza et al. 2005; Gouveris et al. 2010).
Since copper(Il) complexes are known to induce
reactive oxygen species (ROS) and cancer cells have
higher level of ROS, 1-4 could easily elevate the ROS
in HK1 cells above a common “ROS threshold” which
is responsible for induction of apoptosis (Wu and Hua
2007). Another mechanism involves proteasome
inhibition by copper(II) complexes and this is related
to the greater sensitivity of cancer cells towards
proteasome inhibition (Adams 2004). Further investi-
gations are in progress.

Conclusion

All copper(Il)-phen complexes with gly or methylated
glycine derivatives crystallize giving square pyrami-
dal geometry. In aqueous solution, complexes 1-4
exists as [Cu(phen)(aa)(H,0)] " with NO;~ counterion
and are stable up to 24 h. Replacing coordinated
glycine with methylated glycine can affect the
biological property of the ternary complexes. Like
[Cu(phen)(gly)(H,0)]" the other [Cu(phen)(aa)
(H,0)]" cations in 2-4 (aa = pL-ala, C-dmg, sar)
bind preferentially to ds(CG)g than to ds(AT)g by a
factor of two, and equally inhibit topo I. Among them,
4 (aa = sar) with methyl substituent at the amino
nitrogen binds most weakly to CT-DNA (factor of
1/2). Complex 4 has the greatest binding selectivity for
G-quadruplex over the corresponding duplex DNA
(9x). Based on RE inhibition assay, complexes 1-4
have DNA binding selectivity, i.e. can only bind to
certain sites on the DNA. In general, 3 with two methyl
substituents at the o-carbon of the glycine moiety,
possesses the greatest binding selectivity to both
quadruplex and DNA. MTT and apoptosis assay
results show that the antitumor effect of complexes
1-4 is selective towards NPC cells over corresponding
normal cells. Further mechanistic studies are planned.
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