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Abstract: Two new mononuclear copper(ll) complexes, [Cul.(NOs),] (1) and [CuL(OAc)(H,0)]C10, (2), with dpa-
based ligand (L=4-methyl-N,N-bis(pyridin-2-ylmethyl)aniline) have been synthesized and characterized by various
physico-chemical techniques. The crystal structure of complex 1 displays a distorted pentagonal bipyramidal
geometry, and the geometry around copper center of 2 can be described as a distorted octahedron. Interaction of
the complexes with CT-DNA has been explored by using absorption and emission spectral methods, and the

result suggests that the binding strength of the two complexes with DNA is a medium intercalative mode. The
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concentration-dependent and time-dependent DNA cleavage activity and the mechanism of DNA cleavage have

been investigated, which suggest the DNA cleavage efficiencies of both complexes exhibit remarkable

enhancement in the presence of external revulsants, and oxidative mechanism has been demonstrated via the

pathway involving both hydroxyl radicals (-OH) and singlet oxygen (*0,) as ROS. The in vitro cytotoxic activity of
the complexes has been examined by MTT on three cell lines such as Hela, HepG-2 and SGC-7901. CCDC:

1521098, 1; 1521097, 2.

Keywords: copper(ll) complexes; dpa-based ligand; DNA binding; DNA cleavage; cytotoxicity

0 Introduction

Medicinal

research field of broad interest since the discovery of

inorganic chemistry has been a

cisplatin as well as its anticancer activity in the
1960s!", For the reason of severe side effects, general
toxicity and drug resistance problems of cisplatin and
its derivatives, metal-based therapeutics is a still
expanding field up to now that has not stopped at the
point of the discovery of new anticancer drug?.
Besides platinum, candidates of complexes for almost
all transition metals are investigated in the past few
years'®® for the purpose of developing new anticancer
drugs with more efficient and less systemic toxicity.
Among those transition metal compounds, copper
complex is an interesting candidate showing much
potential over cisplatin and its derivatives of reduced
toxicity, novel action mechanism, various activity
spectrum, and non-cross-resistance prospect'gl.

Besides the choice of metal ions, purposeful
design of ligand framework can significantly alter the
biological properties by limiting the adverse effects of
metal ion overload, modifying reactivity and
lipophilicity, stabilizing specific oxidation states, and
facilitating metal ion redistribution™. Polypyridyl metal
complexes have been exploited in a broad range of
biological applications for their polydentate chelating
structure and unique chemical and redox properties!".
In our previous works, we have reported the biological
activity of Ni(ID)' and Zn(I)!"* complexes containing
polypyridyl

complexes performed considerable cytotoxic activities.

ligands, the results suggested the
As a continuation of our interest, in this work, two

new copper complexes with a mononuclear polypyridyl

ligand were synthesized and structurally characterized.
The DNA cleavage efficiencies and the cytotoxicity of

the two complexes have been tested and analyzed.
1 Experimental

1.1 Materials and method

The reagents and solvents were purchased from
commercial sources. Tridentate dpa-based ligand 4-
methyl-/V,N-bis (pyridin-2-ylmethyl)aniline (L) and L -
xHC1O0, was synthesized according to previous work!">",
Calf thymus (CT-DNA), Plasmid pBR322 DNA and
ethidium bromide (EB) were purchased from Sigma-
Aldrich. Stock solutions of Cu(ll) complexes (1.0 mmol
‘L7 in 10%(V/V) DMF aqueous solution) were stored
at 4 C and prepared to series concentrations for all
experiments. Tris-HCl was prepared using triple-
distilled deionized sonicated water.

Elemental analyses and IR spectra were obtained
on the Perkin-Elmer analyzer and Perkin-Elmer FT-IR
spectrometer, respectively. Electronic spectra and
fluorescence spectral data were collected on the
JASCO V-570 spectrophotometer and MPF-4 fluore-
scence spectrophotometer at room temperature. The
gel imaging and documentation DigiDoc-It System
were assessed using Labworks Imaging and Analysis
(UVI, England). The

determined by measuring the absorbance of each well

Software MTT assay was

at 570 nm using a Bio-Rad 680 microplate reader
(Bio-Rad, USA).

1.2 Preparation of the complexes

1.2.1 Synthesis of [Cul,(NO;),] (1)

(10 mL) with 0.2 mmol L-
xHCIO, (x was counted as 1) was added to the ethanol
solution (10 mL) of Cu(NO3),-3H,0 (0.2 mmol, 48 mg).

A methanol solution
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The resulting mixture was stirred for 10 h at room
temperature. After filtration, green prism crystals
suitable for X-ray diffraction were obtained by slow
evaporation of the filtrate after a week, which were
collected by filtration, washed with diethyl ether and
dried in air (Yield: 45%). Anal. Caled. for CoHxCuNsO4
(%): C, 47.85; H, 4.02; N, 14.68. Found(%): C, 48.32;
H, 3.29; N, 14.76. FT-IR (KBr, cm™): 3 445, 2 924,
2362,1613, 1516, 1475,1386, 1294, 1120, 1 031,
818, 782, 624.
1.2.2  Synthesis of [Cul.(OAc)(H,0)|C10, (2)

Complex 2 was prepared using a similar procedure
with that of 1 except of adding an aqueous solution (5
mL) of Cu(OAc),*HO (0.2 mmol, 40 mg) to the reaction
mixture. Blue prism crystals suitable for X-ray
diffraction were precipitated by slow evaporation of
the filtrate after a week, which were collected by
filtration, washed with cold diethyl ether and dried in
vacuum (yield: 42%). Anal. Caled. for C,Hy,CICuN;0;,
(%): C, 47.64; H, 4.57; N, 7.94. Found(%): C, 47.71;

H, 4.63; N, 7.85. FT-IR (KBr, em™): 3 490, 1 582,
1512, 1400, 1 342, 1 286, 1 099, 972, 929, 832, 773,
929, 832, 773, 687, 624, 560, 421.
1.3 X-ray crystallography

Single crystals of the complexes with suitable
size  (0.40 mmx0.25 mmx0.12 mm for 1 and 2) were
selected. X-ray diffraction data were collected on a
Bruker Smart 1000 CCD diffractometer using Mo Ko
radiation (A=0.071 073 nm) with the w-26 scan techn-
ique. Diffraction data were collected at 293(2) K. Both
the crystal structures were solved using direct methods
(SHELXS-97)"! and refined with full-matrix least-
squares technique on F? using the SHELXL-97", The
hydrogen atoms were added theoretically, and riding
on the concerned atoms and refined with fixed thermal
factors. Crystallographic data details and structure
refinement parameters are presented in Table 1.
Selected bond lengths and angles are listed in Table S1.

CCDC: 1521098 for 1; 1521097 for 2.

Table 1 Crystallographic data for complexes 1 and 2

Complex 1
Empirical formula CioH oCuN;sOs
Formula weight 47691
Crystal system Triclinic
Space group Pl
a/nm 0.799 90(16)
b / nm 0.874 40(17)
¢/ nm 1.730 4(3)
al (%) 75.90(3)
B/ 85.12(3)
v /(%) 66.03(3)
V/nm? 1.072 5(4)
A 2
D./ (g-em™) 1.477
F(000) 490

2.99~25.01

0 range for data collection / (°)

Limiting indices (h, &, [)

O9<sh=<9-10<sk=<10,-20<1<20

CoH,ClCuN;0,
529.42
Monoclinic
P2//c

0.885 90(18)
1.311 9(3)
2.061 0(4)

90

92.89(3)

90

2.392 3(9)

4

1.470

1092
2.99~25.01
-10sh<10,-15<k<15-24<1<22

Reflections collected 6 124
Independent reflections (R;,) 3699 (0.048 9)
Goodness-of-fit on F? 1.014

R\, wR, [I>20(I)]
R, wR, (all data)
(Ap)l"«w (Ap)mm / (e'nm’3)

R=0.104 4, wR,=0.267 4
R=0.124 5, wR,=0.288 3
1532, -2 286

13 585
4208 (0.032 7)

1.094

R=0.049 3, wR=0.117 5
R=0.060 2, wR=0.123 1
575, -538
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1.4 DNA binding, DNA cleavage and cytotoxicity
experiments
The chemical nuclease activity and cytotoxicity
experiments were conducted using the similar methods
Detailed

methods can be found in the supporting information.

[12-14,17)]

described  previously experimental

2 Results and discussion

2.1 Description of the crystal structures

Both of the mononuclear Cu(ll) complexes have
been structurally characterized by X-ray crystallogr-
aphy (Fig.1). Complex 1 crystallizes in a triclinic cell
with Pl space group. The metal center is hepta-
coordinated with N0, donor sets, and weak coor-
dinated interactions (Cul-02 0.257 5(5) nm and Cul-
04 0.247 4(5) nm) exist in the [CuL(NO;),| unit. The
atoms O1, 02, N1, O4 and 06 occupy the corners of
the pentagonal basal plane, and the angles around the
copper ion within the basal plane vary from 46.28(7)°
to 99.04(13)° and the sum of angles spanning these five

bonds is 360.07° (Table S1), underscoring the flat nature
of this equatorial plane. In addition, the atoms N2 and
N3 occupy the axial positions (Cul-N2 0.195 1(7) nm;
Cul-N3 0.195 9 (6) nm and N2-Cul-N3 164.7 (3)°).
Therefore, the geometry around copper center can be
described as a distorted pentagonal bipyramidal.
Complex 2 crystallizes in a monoclinic cell with
P2//e space group. The metal center is hexa-coor-
dinated with N;O5 donor sets, and weak coordinated
interaction (Cul-02 0.278 9(3) nm) also exist in the
[Cul.(OAc)(H,0)]CIO0, unit, and the geometry around
metal center can be described as a distorted octahe-
dron. The atoms 02 and O3 occupy the axial positions
(Cul-02, 0.278 9(3) nm and Cul-03, 0.245 7(3) nm),
the atoms O1, N1, N2 and N3 occupy the corners of the
basal plane, the angles around the copper ion within
the basal plane vary from 82.26(12) to 97.49(12)° and
the sum of angles spanning these five bonds is

359.76°, underscoring the flat nature of this equatorial

plane.

Hydrogen atoms and dissociative perchlorate ions are omitted for clarity

Fig.1 ORTEP view of the molecular structure and atom-labeling scheme of complexes 1 (a) and 2 (b)

with 30% probability ellipsoid

2.2 DNA-binding and cleavage activities
2.2.1 DNA-binding study

Electronic  absorption spectroscopy was an
effective method in examining the binding mode and
strength of the complex with CT-DNA™.,  Small mole-
cules binding with DNA through intercalation usually
result in the changes in the absorbance and shift in
wavelength. The typical titration curve for 1 and 2 are

shown in Fig.S1(a~b), and a plot of (g,—&)/(e,—&))

versus cpyy for the titration of DNA to complex is
presented in corresponding inset. As given in Table 2,
the observed absorption peaks at 207 and 214 nm for
complexes 1 and 2 are attributed to intraligand 7r-7*
transition. As increasing the concentration of CT-
DNA, the ligand-based bands exhibit hypochromism
(For 1, hypochromism was about 78.8% and for 2 it
was 00.7%) with red shifts (10 and 7 nm for 1 and 2,
which

respectively) in  band position, indicates
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Table 2 Absorption spectral and fluorescence spectral properties of complexes 1 and 2 bound to CT-DNA

Complex A / NM Change in absorbance Ae | % Red-shift / nm Ky, / (L-mol™) K., / (L-mol™)
1 207 Hypochromism 78.8 10 4.21x10* 7.13x10°
2 214 Hypochromism 66.7 7 9.60x10* 6.83x10°

intercalation between the complexes and DNA". To
confirm the binding strength of the complexes with
CT-DNA, the intrinsic binding constants K, were
calculated according to the equation™: ¢y/(g,~&)=
coxil (=) +1/[Ky(&,-80)], is the DNA

concentration in nucleotides; &, is the extinction

where cpy

coefficient observed for the charge transfer absorption
band at a given DNA concentration; & is the extinction
coefficient of the free complex in solution; &, is the
extinction coefficient of the complex when fully bound
to DNA. The binding constant K, values (Table 2)
follow the order: 2 (9.60x10* L+mol™) > 1 (4.21x10*
L -mol ™), which suggest that complex 2 has slightly
stronger binding affinity than 1. The K, values are
smaller than reported for typical classical intercalators
(EB-DNA, 3.3x10° mol L™ in 50 mmol - L.™" Tris-HCl/
1.0 mol -L.™! NaCl buffer, pH 7.5)" which suggests
that the binding strength of the two complexes with
DNA is a medium intercalative mode.

In order to further clarify the CT-DNA binding
activity, fluorescence spectral measurements were
carried out. No luminescence is observed for both
and CT-DNA at
therefore the binding activity is evaluated by the

complexes room temperature,
fluorescence emission intensity of EB bound to DNA
as a probe. EB-DNA emits intense fluorescent due to
their strong intercalation between the adjacent DNA
base pairs™, which could be quenched by the addition
of another compound. The relative binding propensity
of the complexes to EB-DNA studied in buffer
(5 mmol L. Tris-HC1I/50 mmol - 1.7 NaCl,
pH=7.2) is shown in Fig.S2(a~b), and the plots of 1y//
VEISUS C.mle fOr the quenched intensity of 1 and 2 to
EB-DNA are shown in the insets,
Fluorescence intensities of EB-DNA at 602 nm (510

nm excitation) were measured, and the extent of

solution

respectively.

reduction of the emission intensity by varying the

concentration of the complexes gives a measure of the

binding propensity. In the Stern-Volmer equation Iy/I=
1+Kc™, Iy and I represent the fluorescence intensities
in the absence and presence of quencher, respectively;
K is the Stern-Volmer quenching constant, and ¢ is
the concentration of the quencher. The quenching plot
indicates the quenching of EB bound to CT-DNA by
complex is in agreement with the linear Stern-Volmer
equation. In the equation Kipcpp =K, Ceomler Kip 18 a
constant of 1.0x10” mol-L™" (cg=2.4 pmol-L™), K, is
the calculated apparent binding constant values, and
Ceoples 15 the concentration at a half reduction of the
fluorescence intensity of EB. The K,,, values (Table 2)
are nearly equal and follow the order: 1 (7.13x10° L.+
mol™) > 2 (6.83x10° L*mol™). The apparent binding
constants values are less than that of the classical

intercalators and metallointercalators (1.0x107 L-

2 indicating medium binding strength of the

mol ™)
complexes with CT-DNA. On the whole, the result of
fluorescence spectral measurements is consistent with
obtained K, values by UV spectroscopy.
2.2.2 DNA Cleavage Studies

Agarose gel electrophoresis was used to explore
the supercoiled (SC) pBR322 plasmid DNA cleavage
activity of the two complexes in a medium of 50 mmol -
L™ Tris-HCI/NaCl buffer for 4 h. In the absence of
external agents, the concentration-dependent DNA
cleavage activities were observed under the nearly
physiological conditions (pH=7.2, 37 °C) (Fig.S3), and
both of 1 and 2 could not induce obvious DNA
cleavage with the increase of concentration (10~130
pmol L 7). The ratios of SC DNA (Form [ ) for
complex 1 gradually reduce with the increase of
concentration, while NC DNA (Form I ) doesn’t
increase, which suggests that 1 partially degraded SC
DNA into undetectable minor fragments®. When the
concentration of 2 increase to 130 pwmol ‘L™, no
obvious change for the ratios of Form I and Form II

were observed. The above suggest that 1 showed
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slightly better concentration-dependent activities than
2. The concentration-dependent DNA cleavage experi-
dments by complex were also performed in the
presence of H,0, (Fig.2) and GSH (glutathione) (Fig.
3), respectively. Notably, the DNA cleavage efficiencies
of both complexes exhibit remarkable enhancement.
In Fig.2, at the concentration of 10 pmol -L™" Cu®*,
both complexes are efficient cleavers of SC DNA
(Form 1) and produce more than 90% of NC DNA
(Form II'), which implies that H,0, as a revulsant or
an activator plays a vital role. When the concentration
of complex increase to 40 wmol - L™, obvious LC DNA
(Form I ) is produced and the ratios of which
followed the order of 1 (57.3%) > 2 (31.0%). In order

to further clarify the vital role of external revulsant,

Form I

Form I

Form I

the GSH

Similarly, as shown in Fig.3

(glutathione) instead of H,0, were added.
(lane 2 ~5), the DNA
cleavage efficiencies of both complexes also exhibit
remarkable increases. At the concentration of 50
pmol -L.™" Cu?*, the DNA cleavage efficiencies (the
ratios of Form Ill) follow the orderof 1 (61.8%)>2
(45.2%). Both H,0, and GSH showed similar behavior
in DNA cleavage reactions, although H,0, was slightly
more active than GSH.

To further assess the cleavage rate of chemical
nuclease, the kinetic parameters for complexes 1 and
2 promoted DNA cleavage were determined. The time-
dependence of DNA
carried out (Fig.4) under the same condition (pH=7.2,

37 C, cen=250 pmol -L7', ¢ =10 pmol -L™). The

cleavage experiments were

Form I
Form I

Form I

Lane 0: DNA control (4 h); lane 1: DNA+250 pmol L™ H,0,; lane 2~5: DNA+H,0,+complex (10, 40, 70, 100 pmol - L™, respectively)

Fig.2 Gel electrophoresis diagrams showing the cleavage of pBR322 DNA (0.1 pg- L) with complex 1 (a) and 2 (b)

in Tris-HCI/NaCl buffer (pH=7.2) at 37 C

Form I
Form I

Form I

Lane 0: DNA control (4 h); lane 1: DNA+250 pmol L™ GSH; lane 2~5: DNA+GSH+complex (5, 20, 35, 50 wmol - L™, respectively)

Fig.3 Gel electrophoresis diagrams showing the cleavage of pBR322 DNA (0.1 pg- ™) with complex 1 (a) and 2 (b)

in Tris-HCUNaCl buffer (pH=7.2) at 37 C
100] @
95 ]
90-.
85|

804

Ratio of form I DNA / %

754

704

65

i 6 8 10 2 14 16
Time / min

1004 ®

Ratio of form I DNA / %

4 6 8 10 2 14 16
Time / min

Tris-HCI/NaCl buffer (pH=7.2) at 37 °C; Inset: lane 0: DNA control (15 min); lane 1~5:
DNA+250 pmol - L™ GSH+10 pmol - L™ complex (3, 6, 9, 12, 15 min), respectively

Fig.4 Time-dependence of pBR322 DNA cleavage by complexes 1 (a) and 2 (b) according to the inset
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ratios of Form [ gradually disappeared and Form I
(3 ~15 min).
More than 90% NC DNA (Form II) was observed
(Fig.4a Inset) and within

increased with reaction time increase

within 9 min for complex 1
15 min for complex 2 (Fig.4b Inset). The decrease of
Form I or increase of Form II was fitted to a single
exponential decay curve (pseudo-first-order kinetics)
by the equation®™?: y=(100-y,)[1—exp(=k )], where
Yo is the initial ratio of a form of DNA; y is the ratio
of a specific form of DNA at time x; kg is the
apparent rate constant. The reaction profile for the
complex displayed approximately pseudo-first-order
kinetic behavior (Fig.4(a~b)) with k. follow the order
of 1 (0.35 min™) > 2 (0.22 min™), showing better than
the result of the k,. for copper-ATCUN complexes
(0.07 and 0.14 min™) obtained by Cowan's group™.

In order to obtain the information about the
active oxygen species (ROS) which was responsible for
the DNA cleavage, the potential mechanism of DNA
cleavage mediated by the complex was investigated in
the presence of GSH. DNA cleavage experiments (Fig.
5) were carried out using reagents like KI as hydroxyl

radical scavenger (-OH), NaN; as singlet oxygen ('0,)

- L 8 W Form II
— Form I
- — w— Form I

0o 1 2 3 4 5 6 7 8 9 10
(2)

quencher, EDTA as the chelator of complex, catalase
as hydrogen peroxide scavenger, and superoxide
dismutase (SOD) as O, radical scavenger. In Fig.5(a~
b), addition of KI (lane 3) to SC DNA partly inhibited
the DNA cleavage activity, which suggested the
possible involvement of hydroxyl radial (-OH) as the
reactive species. Also, the complexes showed partial
inhibition of DNA-cleavage in the presence of the
NaN; (lane 4), and D,O (lane 8) enhanced the DNA
cleavage ™. indicating possible involvement of singlet
oxygen as the reactive species. No obvious inhibition
was observed for other radical scavengers. Therefore,
the data suggest the involvement of both hydroxyl
radicals (-OH) and singlet oxygen (‘0,) as ROS. In
addition, The EDTA (lane 5), a Cu (I)-specific
chelating agent that strongly bind to Cu(ll) forming a
stable complex, can efficiently inhibit DNA cleavage,
indicating metal ion plays the key role in the
cleavage. The addition of methyl green (lane 9), which
is known to interact to DNA at major groove ™,
effectively inhibited DNA cleavage by complex. The
complex mainly has

result suggests that the

interaction with DNA through major groove.
Form IT

Form I
Form I

o 1 2 3 4 6 7 8 9 10

5
(®)

Lane 0: DNA control; lane 1: DNA+0.25 mmol - L' GSH; lane 2: DNA+0.25 mmol - L' GSH+complex; lane 3~10: DNA+0.25 mmol - ™" GSH+
complex+inhibitors (0.1 mol - L KI, 0.1 mol L™ NaNs, 0.5 mmol - L™ EDTA, 0.2 U-mL™ Catalase, 2 U-mL™ SOD, 55% (V/V) D,0, 0.1 mmol- L™

methyl green, 0.15 pwL-mL™ SYBR green, respectively)

Fig.5 Cleavage of plasmid pBR322 DNA (0.1 g+ L™ in presence of 20 pmol- L™ complex 1 (a)~2 (b) (0.04% DMF)

and different inhibitors after 4 h incubation at 37 °C

2.3 MTT assay

MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenylte-
trazolium bromide) assay is a colorimetric assay based
on the conversion of the yellow tetrazolium salt to

purple formazan crystals by metabolically active cells,

which has been done to test the ability of complexes
to inhibit cell growth and induce cell death in HelLa
(human cervical carcinoma), HepG-2 (human liver
hepatocellular carcinoma) and SGC-7901

(human

gastric carcinoma) cancer cell lines. In Table 2, both

Table 2 ICy of complexes 1 and 2 obtained with different cell lines for 48 h

ICs / (pumol - L)

Complex

HeLa HepG-2 SGC-7901

1 > 50 40.3£3.0 35.5+2.5

2 > 50 342423 32.4+2.0
Cisplatin 10+2.2 25+3.1 <65
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1 and 2 exhibit significant cytotoxic activities toward
tested tumor cells and inhibit the growth of cells in a
dose-dependent manner, and 2 shows slightly better
antitumor effect than 1. Complex 2 exhibits strong
anti-proliferative effect on HepG-2 cells with the ICy,
value of (34.2+2.3) wmol-L™, which is close to the
cisplatin (IC5=(25+3.1) wmol -L.™") and probably has
the potential to act as an effective metal-based

anticancer drug.
3 Conclusions

Two new mononuclear Cu (II) complexes have
been synthesized and characterized. Crystal structure
showed that the metal center of 1 is hepta-coordinated
with N3O, donor sets, existing weak coordinated
interactions, and can be described as a distorted
pentagonal bipyramidal. Weak coordinated interaction
also exists in the crystal unit of 2 where the metal
center is hexa-coordinated and the geometry can be
described as a distorted octahedron.  Partial
intercalation and medium binding strength between
the complexes and CT-DNA has been demonstrated.
The DNA cleavage efficiencies of both complexes
exhibit remarkable enhancement in the presence of
H,0, or GSH, and H,0, was slightly more active than
GSH. The oxidative cleavage mechanism was confirmed
via a pathway involving formation of both -OH and
'0, as ROS. The in vitro cytotoxicity of the complexes
has been assessed by MTT on tumor cells lines

(HeLa, HepG-2 and SGC-7901), both 1 and 2 exhibit
inhibit  the

significant ~ cytotoxic  activities and

proliferation of cells.
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