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Abstract Cu(Il) complexes of the tridentate ligand N-
(methylpyridin-2-yl)-amidino-O-methylurea (L), namely
[Cu(L)Cl,] and [Cu(L)Cl04]ClO,4, have been investigated
for interactions with DNA by spectroscopic methods and
viscosity measurements. Both complexes bind to DNA
through  non-intercalative  interactions.  [Cu(L)Cl,]
(Kp = 2.81 x 10°M™") shows similar DNA-binding
potential to [Cu(L)CIO4]CIO, (K, = 1.57 x 10° M™h.
Investigation of the chemical nuclease properties toward
plasmid pBR322 DNA by gel electrophoresis and atomic
force microscopy (AFM) suggests that both complexes are
able to cleave the supercoiled form (Form I) to the nicked
(Form II) and linear forms (Form III) through an oxidative
pathway. The possible reactive oxygen species have been
investigated by the use of scavengers, indicating that
hydroxyl radicals may be involved in the DNA cleavage
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mechanism. Both of these complexes show similar activi-
ties against selected human cancer cell lines.

Introduction

The synthesis of molecules which can bind to DNA and/or
show nuclease properties has received much attention in
recent years [1-3]. Investigations of the interactions of
DNA with metal complexes provide a basis to develop
novel pharmaceuticals. Transition metal complexes have
been widely exploited for these purposes, not only because
of their distinctive spectral and electrochemical properties,
but also due to the fact that by changing the ligand envi-
ronment one can tune the interactions of such complexes
with DNA. Platinum-based drugs such as cisplatin have
dominated the treatment of various cancers. The design of
new metal complexes that can interact with DNA requires a
detailed understanding of how platinum and other metals
interact and process DNA.

In recent years, copper(Il) complexes have received
much interest for the development of new drugs and
molecular probes for DNA [4, 5]. Additionally, some
copper(Il) compounds have been found to possess antimi-
crobial [6-8] and antitumor [8, 9] activities. In the present
work, we have investigated the biological activities of two
copper(Il) complexes of N-(methylpyridin-2-yl)-amidino-
O-methylurea (L), namely [Cu(L)Cl,] and [Cu(L)CIOy4]-
ClO, (Fig. 1). These complexes were previously prepared
and structurally characterized by our research group [10].
The N,N,N-tridentate ligand (L) is a guanidine derivative;
such compounds are of considerable interest owing to their
high potential for hydrogen-bond-mediated interactions
[11]. Additionally, naturally occurring or synthetic
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Fig. 1 Structures of [Cu(L)Cl,]
(a) and [Cu(L)CIO4]ClO,
(b) used in this work [10, 15]

compound-containing guanidine groups have been reported
to possess a wide range of biological activities, including
anticancer, antimicrobial, antiviral, antibiotic, and anti-in-
flammatory properties [12, 13]. Recently, we have reported
the nucleobase-binding capabilities of [Cu(L)Cl,] and
[Cu(L)Cl04]Cl10O, toward adenine, cytosine, guanine and
thymine [14]. They also exhibit binding potential toward a
model DNA nucleotide, 5'-guanosine monophosphate (5'-
GMP), and possess antibacterial activity against three
human-food-poisoning bacteria [14]. These observations
suggest that both complexes are potential DNA-interacting
agents and could find applications in cancer treatment.

In the current work, the DNA-binding capabilities of
[Cu(L)Cl,] and [Cu(L)CIO4]CIO4 have been studied with
calf thymus (CT) DNA using absorption titration, viscosity
measurements, thermal denaturation experiments, com-
petitive DNA-binding studies, circular dichroism spec-
troscopy and stoichiometric determination. Their nuclease
activities toward plasmid pBR322 DNA were also inves-
tigated by gel electrophoresis and atomic force microscopy
(AFM). Furthermore, their in vitro anticancer activities
were tested against three human cancer cell lines, specifi-
cally MCF-7 (breast cancer), NCI-H187 (small cell lung
cancer), and KB (oral cavity cancer), by resazurin micro-
plate assay (REMA).

Experimental
Materials and instrumentation

Disodium salt of calf thymus DNA (CT-DNA, Type I
fibrous) was purchased from Sigma-Aldrich. Plasmid
pBR322 DNA was obtained from Vivantis. Ethidium bro-
mide (EB) solution (10 mg mL™") and tris(hydroxyl-
methyl)aminomethane (Tris base) were obtained from
Promega. Agarose (D-1, Low EEO) was purchased from
Pronadisa. DMSO and #-BuOH were purchased from Rie-
del-Haén and Univar, respectively. KI, glycerol, MeOH,
and NaNj were obtained from Sigma-Aldrich. All reagents
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were of molecular biology grade and used as received.
[Cu(L)Cl,] and [Cu(L)ClO4]Cl04 were prepared by the
previously reported procedure [10, 15].

Electronic absorption spectra were recorded using an
Agilent 8453 UV-visible spectrophotometer. Fluorescence
determinations were performed on a Shimadzu RF-5301PC
spectrofluorophotometer. Circular dichroism (CD) spectra
were recorded on a Jasco J-810 spectropolarimeter. The
amount of Cu for determination of the stoichiometry was
determined with a Perkin Elmer AAnalyst 100 atomic
absorption spectrometer. Electrophoretic band intensities
were visualized with a Bio-Rad Gel Doc 2000 system using
Lab Work software. AFM images were obtained using a
Nanoscope V Multimode 8 AFM (Bruker AXS) operating
in the PEAK FORCE tapping mode. Commercial Si-tip on
nitride lever cantilevers (SNL, Bruker) with a force con-
stant of 0.4 N m~' were used.

DNA-binding studies

The DNA stock solution, prepared in Tris buffer (con-
taining 5 mM Tris—HCI and 50 mM NaCl at pH 7.1), gave
a UV absorbance ratio A,eg/Argg of 1.8—1.9 (where Aqg
and A,gq are the absorbances of a DNA sample at 260 and
280 nm, respectively), indicating that the DNA was suffi-
ciently free of protein concentration [16]. The DNA stock
solution was kept at 4 °C and used within 4 days. A tenfold
dilution of the DNA was determined spectrophotometri-
cally at 260 nm by using the molar extinction coefficient
value of 6600 M~! cm™! [17]. All experiments were car-
ried out in Tris buffer at pH 7.1 in sterile deionized water.

Electronic absorption titrations

Absorption titration experiments were performed by vary-
ing the CT-DNA concentration from 0 to 30 uM, while
keeping the metal complex concentration constant at
50 uM in Tris buffer. All samples were incubated at 37 °C
for 24 h. Their absorption titration data were recorded in
the range of 200400 nm, using Tris buffer as a blank. In
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order to evaluate the DNA-binding strengths of the com-
plexes, the intrinsic binding constants (K,) were deter-
mined using the following equation [18];

[DNA]/(Sa — Sf) = [DNA]/(bb - Sf) + l/Kb(sb — Sf) (1)

where [DNA] is the concentration of DNA, ¢, is given by
Aopsd/[Cul, & and &, are the extinction coefficient of the
free metal complex and the complex in fully bound form,
respectively. In the plot of [DNA]/(e, — &) versus [DNA],
the Kj, value is given by the ratio of slope to the y intercept.

Fluorescence spectroscopy

Emission intensity measurements were carried out using a
spectrofluorophotometer. CT-DNA (100 uM) was pre-
treated with an equimolar amount of EB and left for 15 min
at room temperature in the dark. The complex was then
added to this mixture in [Complex]/[DNA] (r) ratios of
0.0-1.0 with 0.2 intervals, and left in the dark for 15 min
before measurement. Emission intensities were measured
from 500 to 700 nm with an excitation wavelength at
500 nm. Quenching data were analyzed according to the
linear Stern—Volmer equation [19];

Fo/F = 1 + Ksv[Q] (2)

where Fj and F represent the fluorescence intensities of the
DNA-EB complex in the absence and presence of
quencher, respectively. K, is the linear Stern—Volmer
quenching constant and [Q] is the quencher concentration.
In the plot of Fy/F versus [Complex], K, is given by the
ratio of the slope to intercept.

Viscosity measurements

Viscosity measurements were carried out on an Ubbelohde
viscometer, immersed in a constant temperature bath at
37.0 £ 0.1 °C. The CT-DNA concentration was kept
constant (100 pM), while the complex concentration was
varied in the [Complex]/[DNA] (r) ratio of 0.0-1.0 with
intervals of 0.1. Flow time was measured with a digital
stopwatch. Each sample was measured three times and the
average flow time was calculated. The viscosity at each
ratio was determined by the flow time of the DNA-con-
taining solutions (f) corrected by the flow time of buffer
alone (fy), n =t — to. Data are presented as relative vis-
cosity (7/no)""? versus r, where 1 is the viscosity of DNA in
the presence of the complex, and 7 is the viscosity of DNA
alone.

Circular dichroism spectroscopy

CD spectra were recorded over 220-320 nm at room
temperature. All experiments were done using a quartz cell

of 1 cm length and a scan rate of 100 nm min~' with a

response time of 4 s. The concentration of CT-DNA in Tris
buffer was kept constant at 70 pM, while the complex
concentration was varied over the [Complex]/[DNA] ratio
of 0.5 and 1.0.

Thermal denaturation

Thermal denaturation of CT-DNA was investigated on a
UV-visible spectrophotometer with Peltier temperature-
controlling cell holder and increment temperature rate of
0.5 °C min~'. The absorbances of CT-DNA (100 uM) in
the absence and presence of each complex in [Complex]/
[DNA] ratios of 0.0, 0.1, 0.2, 0.3, and 0.4 were recorded in
Tris buffer. Melting curves were plotted between the rel-
ative absorption intensity (A/Ag, Ag and A are the initial and
the observed absorbances at 260 nm) and temperature
range from 25 to 100 °C. The melting temperature (7},,)
was determined from the maximum of the first derivative
or tangentially from the graph at midpoint of the transition
curves. AT, is defined as the difference between the Ty,
values of bound and free DNA.

Stoichiometric determination

The stoichimetry of the interactions between the complexes
and DNA was determined by a procedure similar to that
described in the literature [20]. The CT-DNA solution
(6 mM, 1 mL) was added to the complex solution (5 mM,
1 mL), and the resulting mixture was incubated for 24 h at
37 °C. Precipitation of the copper(I)/DNA complex was
obtained upon adding absolute ethanol (4 mL) and aqueous
NaCl (2 M, 0.2 mL). The solution containing the precipi-
tate was stored at —70 °C for 1 h, and the precipitate was
subsequently isolated by centrifugation at 4 °C
(10,000 rpm, 30 min). The supernatant was separated by
slow decantation. Finally, deionized water (25 mL) was
added to dissolve the copper(Il)/DNA precipitate, and the
DNA concentration was calculated (from triplicate exper-
iments) by the absorption intensity at 260 nm using
e = 6600 M~ cm™' [17]. The amount of copper(Il) was
measured by atomic absorption spectrometry (AAS), hence
providing the Cu (mmol)/DNA (mol base) ratio.

Nuclease activity

Gel electrophoresis

The DNA-cleaving properties of the complexes were
investigated using agarose gel electrophoresis. Plasmid
pBR322 DNA (0.1 ng) was treated with different concen-

trations of each complex (50-250 uM) in the absence and
presence of ascorbic acid, H,Asc (100 uM). The total
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volume of all samples was adjusted to 10 pL by adding
HEPES buffer (40 mM HEPES, 10 mM MgCl,). The
reaction mixtures were incubated at 37 °C for 2 h, then a
loading buffer (2 pL) consisting of 0.25% bromophenol
blue, 0.25% xylene cyanol, and 30% glycerol was added.
The samples were electrophoresed on 0.8% agarose gel in
1X TAE-buffer (40 mM Tris—acetate and 1 mM EDTA) at
50 V for 45 min. The gel was stained with EB solution for
5 min and then photographed under UV light. The pro-
portion of each DNA form was estimated by the volume of
the visualized DNA bands (volume = intensity x area)
and calculated by the following equation;

%DNA Form I = (Volume of DNA Form I
x 100)/(Total volume of all DNA Forms)

(3)

Mechanistic studies of the DNA cleavage process were
carried out in the presence of H,O, (50 uM), and typical
ROS scavengers DMSO (150 uM), KI (50 pM), glycerol
(100 uM), MeOH (150 pM), and +-BuOH (150 puM) were
used as hydroxyl radical (OH) scavengers and NaNj3
(100 pM) was used as a singlet oxygen ('O,) scavenger.
These scavengers were added to plasmid pBR322 DNA
(0.1 pg) prior to addition of the complexes (250 pM). All
samples were prepared in HEPES buffer and incubated at
37 °C for 2 h and then analyzed according to the procedure
described above.

Atomic force microscopy (AFM)

Plasmid pBR322 DNA (0.2 pg) was heated at 60 °C for
15 min to obtain the open circular form and then incubated
with the complexes (50 and 100 uM for [Cu(L)Cl,] and 50
and 150 pM for [Cu(L)ClO4]ClO,4) in the absence and
presence of H,Asc (100 uM) in 20 pL. HEPES buffer at
37 °C for 2 h. Milli-Q water and all solutions for the AFM
studies were filtered through 0.2 uM FP030/3 filters
(Scheicher and Schuell GMbH, Germany) to obtain clear
AFM images. After incubation, a drop (8 puL) of each
sample was placed onto peeled mica disks (PELCO Mica
Discs, 9.9 nm diameter; Ted Pella, Inc. California, USA)
and allowed to absorb for 2 min at room temperature. The
samples were rinsed for 5 s with a stream of Milli-Q water
directed onto the surface and subsequently blown dry with
argon before imaging.

Anticancer activity assay

Cancer cell growth inhibition tests were carried out against
three cell lines, namely KB (epidermoid carcinoma of oral
cavity, ATCC CCL-17), MCF-7 (breast adenocarcinoma,
ATCC HTB-22) and NCI-H187 (small cell lung carci-
noma, ATCC CRL-5804), using the resazurin microplate
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assay (REMA) [21]. Ellipticine, doxorubicin, and tamox-
ifen were used as positive controls, and 0.5% DMSO was
used as a negative control. To investigate the potential
cytotoxic behaviors of the complexes, cells in logarithmic
growth phase were harvested and diluted in fresh medium
to 7 x 10* cell mL~" for KB, and 9 x 10* cell mL~" for
MCEF-7 and NCI-H187. Subsequently, 5 puL of each test
sample was diluted in 5% DMSO, and 45 pL aliquots of
cell suspension were added to 384-well plates and then
incubated at 37 °C in 5% CO,. After the incubation period
(3 days for KB and MCF-7, and 5 days for NCI-H187),
12.5 pL of 62.5 pg mL ™" resazurin solution was added to
each well, and the plates were then incubated at 37 °C for
4 h. The fluorescence signal was measured using a Spec-
traMax M5 multi-detection microplate reader (Molecular
Devices, USA) at excitation and emission wavelengths of
530 and 590 nm, respectively. The inhibition of cell
growth was calculated with Eq. (4);

%Inhibition = [1 x (FU7/FU¢)] x 100 (4)

where FUt and FU( are the mean fluorescence units from,
respectively, treated and untreated with cells. The anti-
cancer activities of the complexes are expressed as the 50%
inhibitory concentration (ICsp), as determined from the
dose-response curves using the SOFTMax Pro software
(Molecular Devices, USA). The plotted data were obtained
from six different concentrations of twofold serially diluted
test samples. Results with ICsy > 50 pg mL ™" were con-
sidered as inactive [22].

Results and discussion
DNA-binding studies

Electronic absorption spectroscopy is widely employed to
determine the binding affinities of metal complexes with
DNA. Increasing absorbance or hyperchromicity results
from base unstacking. Complexes which bind to DNA
through intercalation usually manifest hypochromism (de-
crease in absorbance) and redshift (bathochromism) due to
strong stacking interactions between the complex and the
DNA base pairs [23]. A classical intercalator like ethidium
bromide shows hypochromism as [24].

Absorption spectra of [Cu(L)Cl,] and [Cu(L)ClO4]Cl04
in the absence and presence of CT-DNA are shown in
Fig. 2. The spectra of the pure complexes exhibit the same
absorption pattern with two intense bands; one at 261 nm
attributed to ligand-to-metal charge transfer (LMCT), and
another at 201 nm attributed to an n —» n* or n — w*
transition of the ligands. Upon the addition of CT-DNA,
the absorption bands of both complexes are affected,
resulting in a clear hyperchromic effect and slight blueshift
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Fig. 2 Absorption spectra of [Cu(L)Cl,] (a) and [Cu(L)ClO4]ClO4
(b) in the absence (dashed lines) and presence (line) of CT-DNA from
0 to 30 pM. [Complex] = 50 uM. Arrows show the absorbance
changes upon increasing DNA concentration

from 201 to 203 nm. Both complexes show similar
hyperchromic effects, suggesting that they are likely to
undergo a non-intercalative interaction with DNA.

The intrinsic binding constants (Kj) for both complexes
were calculated using Eq. (1). The selected maximum
absorbance at Ay, = 201 nm (A,q;) for both complexes
were used to calculate the K, values, resulting in
2.81 x 10° M~ for [Cu(L)Cl,] and 1.57 x 10° M~ for
[Cu(L)ClO4]Cl10O,. These values are lower than that of the
classical intercalator ethidium bromide (1.0 x 10’ M~ 1)
[25], but higher than those of other complexes with the
CuN3X, chromophore [26-30] (Table 1). The similar K}
values for both complexes indicate similar DNA-binding
behaviors, consistent with their nucleobase-binding prop-
erties in the previous report [14].

Fluorescence spectroscopy is often used to investigate
the competitive interactions between metal complexes and
the classical DNA intercalator ethidium bromide. Free EB
is only weakly fluorescent, but in the presence of DNA, its

fluorescence is markedly increased, with an emission band
at about 600 nm, resulting from intercalation of EB
between adjacent DNA base pairs. This fluorescence can be
competitively quenched by the addition of a second
molecule [31].

Emission spectra of EB bound to DNA in the absence
and presence of the present complexes are shown in Fig. 3.
For both complex, their interaction into the EB-DNA
solution resulted in decrease in the emission intensity of
EB, indicating the displacement of EB by the complexes.
The binding strength of each complex with CT-DNA was
calculated as the linear Stern—Volmer quenching constant
(Ksy). From the plot of Fy/F versus [Complex] (Fig. 3), the
calculated K, values were obtained from the slopes as 2.00
x 10 and 1.83 x 10> M~ ! for [Cu(L)Cl,] and
[Cu(L)ClO4]ClOy,, respectively.

Although the K, and K, values of both complexes are
different, they have the same trend. The K, values apply to
the binding capabilities of the complexes toward free
double stranded DNA while the K, values are a measure of
their competitive binding to the EB-bound DNA.

To further clarify the nature of the interaction between
the complexes and DNA, viscosity measurements were
carried out on CT-DNA solutions with various concentra-
tions of the complexes. A classical intercalator such as EB
is expected to increase the separation of the base pairs,
giving an increase in overall DNA length and consequently
an increase in the DNA viscosity (Fig. 4). In contrast,
partial and/or non-classical intercalation of the complexes
can bend (or kink) the DNA helix, reducing its effective
length and viscosity [32].

The effects of these complexes on the viscosity of CT-
DNA are shown in Fig. 4, which reveals that the relative
viscosity of CT-DNA in the presence of the complexes
depends upon the complex concentration. There are three
effects consisting of a reduction, enhancement and
steadiness in viscosity. In the first effect, a dramatic
reduction in viscosity was found for [Complex]/[DNA]
ratios of 0.0-0.5 for both complexes. This outcome is
opposite to the case of EB which raises the DNA vis-
cosity. Consequently, the two complexes possibly bind to
DNA through non-intercalative interactions. On the other
hand, the second effect was a marked increase in vis-
cosity, in the narrow r range of 0.5-0.8 for both com-
plexes, thus indicating that intercalative binding of the
complexes may occur in this concentration range. Finally,
when raising the r ratio higher than 0.8, no further change
in viscosity was observed. It is possible that the interac-
tions may be electrostatic or groove binding [33] or that
the binding sites may reach the saturation point at higher
concentrations of the complexes. The similar behaviors of
both complexes imply that they exhibit the same binding
behaviors.
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Table 1 Comparison of the
DNA-binding ability between
the two CuN;X, complexes in
this work and the previous
works

Compound Proposed binding modes K, M™h References
[Cu(L)Cl,] Non-intercalation 2.81 x 10° This work
[Cu(L)CIO4]Cl104 Non-intercalation 1.57 x 10° This work
Ethidium bromide (EB) Intercalation 1.00 x 107 [25]
[Cu(BMA)CI,](CH;0H)* Intercalation 1.24 x 10* [26]
[Cu(LYHCl,]® Non-intercalation 2.00 x 10* [27]
[Cu(L*)(H,0),](NO5)5 Non-intercalation 8.00 x 10* [28]
[Cu(Pyimpy)(CL)(C104)]® Covalent bond 5.20 x 10° [29]
[Cu(Pyimpy)Clz](HzO)g Covalent bond 4.00 x 10° [30]

? BMA = N,N—bis(benzimidazol—2—yl—ethyl)amine

> L' = bis(2-benzimidazolylmethyl)amine

¢ L? = 2,6-bis-(benzimidazolyl)pyridine

4 Pyimpy = 2-((2-phenyl-2-(pyridin-2-1)hydazono)methyl)pyridine

1.25]
% 120 y =0.0217x + 0.9948
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Fig. 3 Emission spectra of EB (100 uM) bound to DNA (100 pM) in
the absence (dotted lines) and presence (line) of complexes (20, 40,
60, 80 and 100 uM); [Cu(L)Cl,] (a) and [Cu(L)ClO4]ClO4 (b).
Arrows show the absorbance changes upon increasing complexes
concentration

Circular dichroism spectroscopy is a useful technique to

assess whether nucleic acids undergo conformational
changes as a result of complex-DNA formation. The CD
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Fig. 4 Effect of increasing amounts of EB (solid square), [Cu(L)Cl,]
(solid triangle) and [Cu(L)ClO4]ClOy (solid round) on the relative
viscosity of CT-DNA vs. the [Complex]/[DNA] ratio at 37 + 0.1 °C,
[DNA] = 100 uM

spectrum of CT-DNA consists of a positive band at 277 nm
due to base stacking and a negative band at 245 nm
because of helicity, which is a characteristic of the right-
handed B form of DNA [34]. Changes in the CD spectrum
of DNA upon the complexes may often be assigned to
corresponding changes in DNA structure [35]. In general,
non-intercalative interactions of small molecules with
DNA show little or no perturbation on the base stacking
and helicity bands of the CD spectrum because these
binding modes do not significantly influence the secondary
structure of DNA. On the other hand, a classical interca-
lator tends to enhance the intensities of both bands due to
strong base stacking interactions and stable DNA confor-
mations (right-handed B conformation of DNA).

CD spectra of CT-DNA in the absence and presence of
the complexes are shown in Fig. 5. For both complexes,
slight decreases in intensity of both the positive DNA band
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Fig. 5 Circular dichroism spectra of CT-DNA (70 uM) in the
absence (/ine) and presence of [Cu(L)Cl,] (a) and [Cu(L)ClO4]ClO4
(b) at the [Complex]/[DNA] ratio of 0.5 (dashed lines) and 1.0 (dotted
lines)

at 277 nm and negative band at 245 nm were observed
with increasing [Complex]/[DNA] ratios. These observa-
tions are similar to the effect of the copper(Il) complexes of
bis(pyrid-2-yl)-di/trithia ligands [36] and 2,9-dimethyl-
1,10-phenanthrolines [37]. It suggests that electrostatic
and/or groove binding may constitute the major interaction
between DNA and these complexes.

DNA-melting analysis and stoichiometry

To better understand the function of these complexes when
interacting with DNA in terms of stabilization or destabi-
lization of DNA strands, thermal denaturation experiments
were carried out. In such experiments, the stabilizing forces
of the DNA double helix are overcome by melting or
denaturation. A higher or lower T}, value of the complex-
bound DNA compared to free DNA suggests that the
complexes stabilize or destabilize the DNA strands,
respectively. Hence, the melting temperature difference

(AT,,) can suggest the possible interaction type between
complexes and DNA. Intercalation of natural or synthetic
organics and metallointercalators generally results in a
considerable increase in melting temperature and high AT,
value. Neyhart et al. and Kumar et al. [38, 39] showed that
the intercalation into DNA can increase the stability of the
helix, resulting in AT, values of 5-14 °C. Low AT, values
(close to zero) are indicative of non-intercalative binding
modes [40, 41]. Moreover, negative AT, values suggest
that groove and/or electrostatic interactions may be the
primary binding modes [41].

The T, values of CT-DNA at different [Complex]/
[DNA] ratios (r = 0.1, 0.2, 0.3 and 0.4) are presented in
Fig. Al and Table 2. The T, value of CT-DNA (100 uM)
was measured as 81.0 °C. The T, values gradually
decreased for r ratios increasing from 0.1 to 0.4. Both
complexes stabilize DNA at r = 0.1 and 0.2, but destabi-
lize DNA at r = 0.3 and 0.4. Furthermore, the low AT,
values (close to zero) of both complexes indicate that a
non-intercalative mode is likely to be the main interaction
in this system. Specifically, the two complexes at r = 0.3
and 0.4 may bind to DNA by groove binding and/or elec-
trostatic interactions due to the negative AT,, values [41].

Determination of the DNA-binding stoichiometry of the
complexes, expressed as Cu (mmol)/DNA (mol base), is an
additional method to obtain information regarding these
interactions. The stoichiometric ratio can be determined
from atomic absorption and UV-Vis spectroscopic mea-
surements. We found that [Cu(L)Cl,] and [Cu(L)CIO4]-
ClO,4 gave Cu (mmol)/DNA (mol base) ratios of 26 and 12,
respectively. These values can be compared with the Cu
(mmol)/DNA (mol base) ratios of known copper(Il) com-
pounds. For example, [Cu(HQO)(,]2+ with the ratio > 150
shows poorly selective DNA binding, most likely due to
the interaction of this cationic species with the negatively
charged phosphate groups on the DNA backbone, while a
Cu(ID)-dipeptide gave a ratio < 42, suggesting a more
efficient DNA interaction [20]. The two copper compounds
in the present work shows similar values to the latter,
suggesting similar DNA-binding affinity.

DNA cleavage studies

The nuclease activities of the complexes were studied by
gel electrophoresis using plasmid pBR322 DNA in the
absence and presence of ascorbic acid (H,Asc) as a
reducing agent. In general, when plasmid DNA is subjected
to electrophoresis, the fastest migration will be observed
for the supercoiled form (Form I). If scission occurs on one
strand, the supercoil will relax to generate a slower-moving
nicked circular form (Form II). If both strands are cleaved,
a linear form (Form III) that migrates between Forms I and
IT will be obtained.
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Table 2 Thermal melting temperature (7y,,) and the melting temperature difference (AT, = T (of bound to DNA) — Tm (of the free DNA)) in the
presence of the [Cu(L)Cl,] and [Cu(L)ClO4]ClO, complexes
r T AT,

[Cu(L)Cl,] [Cu(L)ClO4]CI04 [Cu(L)Cl,] [Cu(L)Cl04]ClO4
0.1 82.0 82.6 +1.0 +1.6
0.2 81.7 81.5 +0.7 +0.5
0.3 80.7 80.1 -0.3 -0.9
0.4 78.7 79.0 —1.3 -2.0

The melting point of the free CT-DNA is 81.0 °C
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Fig. 6 Electrophoretic diagrams showing the cleavage of supercoiled
pBR322 DNA (0.1 pg) by [Cu(L)Cl,] (a) and [Cu(L)ClO4]ClO4
(b) in HEPES buffer at 37 °C for 2 h with histogram of % band

The results of gel electrophoretic separation of pBR322
DNA after incubation 2 h with the copper(Il) complexes in
the absence and presence of H,Asc are shown in Figs. 6, 7,
respectively. In the absence of H,Asc, [Cu(L)Cl,] (Fig. 6a)
and [Cu(L)ClO4]ClO, (Fig. 6b) are able to bring about
conversion of Form I to Form II. The amount of Form II
was found to increase with increasing complex concen-
tration, from 50 to 250 pM. However, the formation of
Form III was not observed under these conditions.

It is known that the DNA-cleaving potential of transition
metal complexes can be enhanced by adding exogenous
redox reagents such as hydrogen peroxide and ascorbic
acid. Herein, HyAsc was used to mimic the reducing
environment, found inside the cells, and will induce the
formation of copper(I) species from the present complexes.
Under an aerobic atmosphere, this would allow the for-
mation of reactive oxygen species (ROS) that are able to
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intensity of DNA: Lane 1, DNA control; Lanes 2-6, DNA + [com-
plex] (50, 100, 150, 200 and 250 uM, respectively)

cleave DNA. In the presence of H,Asc, the nuclease
activities of both complexes were dramatically improved
(Fig. 7). Upon increasing the complex concentration
(Lanes 4-8 in Fig. 7), Form I plasmid DNA was converted
into Form II and then Form III, initially observed at
100 uM for [Cu(L)Cl,] and 150 pM for [Cu(L)ClO4]ClO,.
At a complex concentration of 250 uM in the presence of
H,Asc (Lane 8), [Cu(L)Cl,] gives exclusively DNA Form
[T (100%), while [Cu(L)ClO4]ClO4 gives a mixture of
Form II (17.3%) and Form III (82.7%). These results fol-
low the same trend as the DNA-binding abilities of the
complexes.

Such behavior leads us to assume that DNA cleavage by
both complexes in the presence of HyAsc is most likely to
involve ROS such as hydroxyl radical, singlet oxygen or
superoxide, all of which can cleave DNA [42]. The role of
these copper(Il) complexes can be related to the enzymatic
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Fig. 7 Electrophoretic diagrams showing the cleavage of supercoiled
pBR322 DNA (0.1 pg) by [Cu(L)Cl,] (a) and [Cu(L)CIO4]ClO4 (b),
in the presence of HyAsc (100 pM) in HEPES buffer at 37 °C for 2 h
with histogram of % band intensity of DNA: Lane I, DNA control;

properties of copper, which are important to the proposed
mechanism for in situ formation of H,O, as shown below
[43].

H,Asc + H,O = HAsc™ + H;07
HAsc™ +2Cu(ll) — Asc + 2Cu(I) + H"
2Cu(I) + 0, + 2H" — 2Cu(ll) + H,0,
HAsc™ +0, + H" — Asc + H,0,

As shown in reactions (5)—(8), Cu(Il) will be reduced by
ascorbate to Cu(I), which reacts with dioxygen under aer-
obic conditions to yield H,O,. The overall reaction corre-
sponds to the autooxidation of ascorbate ion, which may
involve a single two-electron oxidation step [44]. Finally,
hydrogen peroxide reacts with another equivalent of Cu(I)
through the Fenton reaction (9) producing hydroxyl radical,
responsible for DNA oxidative damage [43].

Cu(l) + H,0, — Cu(ll) + OH™ + OH 9)

To confirm the proposed DNA cleavage mechanism
described above, exogenous hydrogen peroxide was added
to the DNA—copper(Il) complex system to directly produce
ROS. In certain reports [45], if DNA cleavage occurs via a
hydrolytic pathway, the nuclease activity will not involve
hydroxyl radical, singlet oxygen or superoxide. On the
other hand, the nuclease activity will depend on ROS, if it
proceeds via an oxidative pathway. We therefore investi-
gated the possible cleavage mechanism by using ROS
scavengers, specifically DMSO, KI, glycerol, MeOH and ¢-
BuOH as hydroxyl radical scavengers and NaNjy as a sin-
glet oxygen scavenger.
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Lane 2, DNA + H,Asc; Lane 3, DNA + complex (250 uM); Lanes
4-8, DNA + H,Asc + [complex] (50, 100, 150, 200 and 250 pM,
respectively)

The cleavage of supercoiled pBR322 DNA (Form I) in
the presence of the scavengers alone was studied by gel
electrophoresis, as shown in Fig. A2. The results show that
hydroxyl radical and singlet oxygen scavengers do not
damage the DNA (Lanes 2 — 7). KI causes the slow
migration of DNA (Lane 3), possibly arising from a DNA-
KI adduct [46]. Figure 8 shows the cleavage of pBR322
DNA by the complexes in the presence of scavengers after
incubation at 37 °C for 2 h. DNA is not affected by
hydrogen peroxide alone (Lane 2). On incubation of either
complex with pBR322 DNA in the presence of H,O, (Lane
4), the amount of Form II obtained was considerably
greater than in the presence of the complexes alone (Lane
3). This indicates that hydrogen peroxide actively assists
the copper(Il) complexes in DNA degradation by oxidative
cleavage. In the presence of hydroxyl radical scavengers
(Lanes 5-9), inhibition of DNA conversion from Form I to
Form II was observed. On the other hand, the presence of
NaNj; as a singlet oxygen quencher (Lane 10) showed no
significant effect on the DNA cleavage. Hence, the
hydroxyl radical is most likely to be the ROS responsible
for oxidative DNA cleavage.

AFM analysis

To further confirm the effect of the complexes on the DNA
structure, atomic force microscopy (AFM) was carried out
with pBR322 plasmid DNA. After incubation, the changes
in DNA morphology caused by the complexes were visu-
alized by AFM, as shown in Fig. 9. The supercoiled DNA
alone (Form I) (Fig. 9a) is not affected by H,Asc (Fig. 9b).
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Form II

FormI

Form I

Form I

Fig. 8 Electrophoretic diagrams showing the cleavage of supercoiled
pBR322 DNA (0.1 pg) by [Cu(L)Cl,] (a) and [Cu(L)ClO4]ClO,
(b) (250 uM) in the presence of H,O, (50 uM) in HEPES buffer at
37 °C with an incubation time of 2 h: Lane 1, DNA control; Lane 2,
DNA + H,0,; Lane 3, DNA + complex; Lanes 4, DNA + com-
plex + H,O,; Lanes 5-10, DNA + complex + H,0, + scavenger
(DMSO (150 pM), KI (50 pM), glycerol (100 pM), MeOH
(150 pM), -BuOH (150 uM) and NaN; (100 pM), respectively)

In contrast, both complexes induce significant alterations in
the DNA morphology; in fact, the complexes can cleave
the biomolecule to Form II and Form III (Fig. 9¢c—f), cor-
roborating the data from electrophoresis (see Lanes 4 and 5

Fig. 9 AFM images of plasmid pBR322 DNA (0.2 pg) in the
presence of HpAsc (100 pM) with various concentration of the
complexes. Pure plasmid DNA (a); DNA + H,Asc (b); DNA + H,.
Asc 4+ [Cu(L)ClL,] (50 uM) (¢); DNA + HyAsc + [Cu(L)ClO4]Cl04
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Table 3 Cancer cell growth inhibition of

[Cu(L)ClO4]CIO, and cisplatin

[Cu(L)Cl,] and

Complex ICs0 (ng mLfl)

MCEF-7 NCI-H187 KB
[Cu(L)Cl,] Inactive 3.35 7.65
[Cu(L)Cl04]CIO,4 Inactive 4.83 13.05
Cisplatin Inactive Inactive 27.01

in Fig. 7a for [Cu(L)Cl,]; Lanes 4 and 6 in Fig. 7b for
[Cu(L)ClO4]Cl0O,). Therefore, both complexes can act as
efficient DNA-cleaving agents.

Cytotoxicity assays

Since both of these complexes show DNA-binding and
cleaving capabilities, their anticancer activity was further
investigated against three human cell lines (MCF-7, NCI-
H187 and KB) and compared with the first generation
anticancer drug cisplatin. Results are expressed as the ICs
value, as shown in Table 3. Both copper(Il) complexes
show cytotoxicity against NCI-H187 and KB cell lines, but

-0.7 nm

(50 pM)  (d); DNA + H,Asc + [Cu(L)Cl,] (100 uM)  (e);
DNA + H,Asc + [Cu(L)CIO4]C1O4 (150 uM) (f), with incubation
time of 2 h at 37 °C in HEPES buffer, pH 7.1
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are inactive against the MCF-7 cell line. Interestingly, both
complexes are more active than cisplatin under these
experimental conditions, giving the best activity toward
NCI-H187.

Conclusion

Two copper(Il) complexes of N-(methylpyridin-2-yl)-
amidino-O-methylurea containing different anionic co-li-
gands have been investigated for biological potential.
Their DNA-binding abilities occur through non-intercala-
tive modes. They also show chemical nuclease properties
via oxidative DNA cleavage. Furthermore, the anticancer
activities of both complexes appear to be superior to that of
cisplatin. These results indicate that the DNA-interacting
properties and cytotoxicities of such complexes are related.
This may come from the fact that they contain the same
cationic species in solution phase, [Cu(L)(Hzo)x]2+
(x = 1-3), thus revealing similar properties to our previous
work [14]. We conclude that such complexes have
potential as DNA-damaging agents for use in cancer
therapy.
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