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« Two new Cu(ll) complexes of Schiff New Schiff base-hydrazone ligands have led to two new copper complexes binding to the DNA through
base-hydrazone ligands have been non-covalent mode and act as good metallonucleases through oxidative cleavage mechanism. The effect
synthesized and characterized. of complex concentration on the DNA cleavage reactions has also investigated. X-ray powder diffraction

« The interaction of the copper(Il) illustrates that [Cu(L?),] complex is crystalline in nature while [Cu(H,L'),] has an amorphous structure.
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o)ethyl)phenoxy)acetate (HL?) have been synthesized and then characterized by microcopy and
spectral studies. X-ray powder diffraction illustrates that [Cu(L?),] complex is crystalline in nature
whereas [Cu(H,L!),]-2H,0 has an amorphous structure. Binding of the copper complexes with Calf
thymus DNA (CT-DNA) has been investigated by UV-visible spectra, exhibiting non-covalent binding to
CT-DNA. DNA cleavage experiments have been also investigated by agarose gel electrophoresis in the
Acylhydrazone s .
Copper(ll) complex presence and gbsence of an oxidative agent (H20,). The effect of complex concentration on the DNA
DNA binding cleavage reaction has been also studied. Both copper complexes show nuclease activity, which
DNA cleavage significantly depends on concentrations of the complexes, in the presence of H,O, through oxidative
mechanism whereas they slightly cleavage DNA in the absence an oxidative agent.
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Introduction

Schiff base-hydrazones and their metal complexes have
received much attention in the fields of chemistry and biology
due to their broad spectrum of activities. They have a variety of
applications in biological and clinical fields. They denote anti-
bacterial, anti-fungal, anti-convulsant, anti-inflammatory, anti-
malarial, analgesic, anti-platelets, anti-tuberculosis, anti-cancer
and insecticidal activities [1-8]. The significant biological activity
of the acylhydrazones and the dependence of their mode of chela-
tion with transition metal ions present in the living systems have
been of significant interest [9-12]. Transition metal complexes of
acylhydrazones are also known to provide useful models for
elucidation of the mechanisms of enzyme inhibition [13,14]. They
act as good potential oral drugs to treat the genetic disorders such
as thalassemia [15].

DNA-transition metal complex interaction has been of interest
because of its possible application in molecular biology [14,15]
and cancer therapy [16-18]. Coordination compounds show
unique chemical and physical properties as well as the abilities
of their ligands to be adjusted to DNA interaction activities. Copper
is an important trace element for life and is involved in complex
formation in a number of biological processes. Copper(Il) com-
plexes have been used as for the treatment of many diseases
including cancer [19,20]. Therefore, investigations on copper
complexes are becoming more prominent in the research area of
bioinorganic chemistry [21-28]. Herein, we described the synthe-
sis and characterization of new Cu(ll) complexes of hydrazone
Schiff base ligands and their DNA binding and cleavage activities.

Experimental section
Material and methods

All chemicals used were analytical reagent grade. Copper(Il)
acetate, ethyl 4-hydroxybenzoate, 4-hydroxyacetophenonee, ethyl
bromoacetate, K,COs, acetone and hydrazine monohydrate were
purchased from Fluka and Sigma-Aldrich and used without further
purification. Calf thymus DNA (CT-DNA) was purchased from
Sigma-Aldrich. pBR322 DNA was purchased from Fermantas. 'H
and '3C NMR spectra were recorded on a Bruker 400 MHz spec-
trometer in DMSO_dg with TMS as the internal standard. IR spectra
were recorded on pure solid samples with a Thermo-Scientific,
Nicolet iS10-ATR. The electronic spectra of the ligands and
complexes were recorded on a PG Instruments T80+ UV/Vis
Spectrophotometer. Carbon, hydrogen and nitrogen analyses were
carried out on a LECO 932 CHNS analyzer and copper content was
determined by atomic absorption spectroscopy using the DV 2000
Perkin Elber ICP-AES. Mass spectra were recorded on a Waters
Xevo TQ-S UPLC-MS/MS spectrometer. Room temperature mag-
netic susceptibility measurements were carried out on powdered
samples using a Sherwood Scientific MK1 Model Gouy Magnetic
Susceptibility Balance. The thermogravimetric analysis was carried
out in dynamic nitrogen atmosphere (20 mL min~!) with a heating
rate of 20 °C min~! using a Perkin Elmer Pyris 1 TGA thermal ana-
lyzer in the Central Laboratory at METU. Powder X-ray diffraction
(XRD) patterns were collected using Cu Koo monochromatic radia-
tion (1=1.54056 A) at room temperature on a Rigaku-SmartLab
diffractometer. Scanning electron microscopy (SEM) was per-
formed using a JEOL SEM 7700F. Local composition was analyzed
by energy-dispersive X-ray spectroscopy (EDS) with an analyzer
system attached to a JEOL SEM 7700F. High-resolution transmis-
sion electron microscopy (HRTEM) was performed using a JEOL
JEM 2100F electron microscope. XRD, SEM-EDS and HRTEM
investigations were performed in the Research Centre Laboratory
at Mugla Sitki Ko¢gman University.

Synthesis of HsL!

This compound was prepared by small changing the method of
Rajput and Rajput [21] as follows: 4-hydroxyacetophenone
(1 mmol, 0.136 g) dissolved in ethanol (10 mL) was added drop
wise to a suspension of 4-hydroxybenzohydrazide (II) (1 mmol,
0.152 g) with a catalytic amount of glacial acetic acid in ethanol
(10 mL) in room temperature. The reaction mixture was refluxed
for further 4 h. On standing over night, the white crystalline prod-
uct separated, collected by filtration, washed with small amount of
diethyl ether and then dried in vacuum. Yield 81%; Mp 285-287 °C
(Lit 274-276 °C); UV (DMF, nm) 267, 304; IR (ATR, cm™') 3285
(OH), 1625 (C=0)amide, 1617 (C=N), 1369 (C—N), 1257 and 1172
(C—0—C); 'H NMR (DMSO_dg, ppm) 6 2.27 (s, 3H, N=C—CHj3),
6.78 (d, 2H, J=8.5, ArH), 6.82 (d, 2H, J=8.6, ArH), 7.67, (d, 2H,
J=8.5, ArH), 7.77, (d, 2H, J = 8.6, ArH), 9.93 (s, 2H, OH), 10.41 (s,
1H, NH); '3C NMR (DMSO_dg, ppm) 161.1 (C=0), 160.7 (C=N),
159.3 (C—0), 130.5, 129.7, 129.5, 128.6, 125.3, 115.8, 1155
(Ar—C)), 19.8 (CHj3). Analysis (%Calculated/found) for C;5H;4N;03
C: 66.66/66.78, H: 5.22/5.10, N: 10.36/10.69.

Synthesis of HL?

A mixture of HsL' (1 mmol, 0.270g), ethyl bromoacetate
(2 mmol, 0.334 g) and dry K,CO5 (10 mmol, 0.276 g) in 25 mL ace-
tone was refluxed with stirring for 40 h and poured to 200 mL of
cold water. The white precipitate formed was filtered and washed
with water and finally recrystallized from acetone-water. Yield
40%; Mp 115°C; UV (EtOH, nm) 250, 300, IR (ATR, cm™!) 3365
(NH), 2911-2979 (CH)aliphatic 1755 (C=0)ester, 1657 (C=0)amide,
1605 (C=N), 1385 (C—N), 1255 and 1082 (C—0—C); 'H NMR
(DMSO_dg, ppm) 6 1.18-1.23 (tt, 6H, J=7.0, CH3), 2.30 (s, 3H,
N=C—CHs), 4.13-4.20 (q, J=7.0, 4H, OCH,CH3), 4.82 (s, 2H,
Ar—OCH,) and 4.87 (s, 2H, Ar—0CH,), 6.95 (d, 2H, J=8.8, ArH),
7.01 (d, 2H, J=8.8, ArH), 7.77 (d, 2H, J=4.7, ArH),7.85 (d, 2H,
J=8.2, ArH), 10.58 (s, 1H, NH); 3C NMR (DMSO_de, ppm) 169.3
and 169.2 (C=0)ester, 161.8 (C=0)amide, 159.3 ((=N), 131.9, 130.4,
128.5, 127.6, 115.0, 114.8 (Ar—C), 65.3 and 65.2 (OCH,), 61.5 and
61.4 (COOCH,), 21.1 (CH3—C=N), 14.8 and 14.7 (CH3). Analysis
(%Calculated/found) for Cy3H,6N,07 C: 62.43/62.16, H: 5.92/5.88,
N: 6.33/6.57.

Synthesis of Cu(ll) complexes

A solution of 1 mmol copper(ll) acetate dihydrate (0.20 g) in
EtOH (10 mL) was added to a hot solution containing 2 mmol
H5L! (0.54 g) or HL? (0.884 g) in absolute ethanol (15 mL) with stir-
ring. The reaction mixture was refluxed for 3 h and then the sol-
vent was evaporated under reduced pressure. The precipitated
complexes were filtered off and finally washed with small amount
of cold water.

For [Cu(H,L!),]-2H,0: Dark green complex; yield: 85%; m.p.:
219 °C. Uegr= 1.71 B.M.; UV (DMF, nm) 276, 308, 363 sh, 380, 403
sh; FT-IR (ATR, cm~!) 3182 b (O—H), 1604 m (C=N—N=C), 1362
(C—N), 1253 s and 1165 m (C—0—C). MS (ES*), (m/z): 602.76
[M]*. Analysis (%Calculated/found) for C3oH3oCuN4Og C: 56.47/
56.24, H: 4.74/4.57, N: 8.78/8.52, Cu: 9.96/10.22.

For [Cu(L?),]: Light brown complex; yield: 79%; m.p.: 187 °C.
Hegr= 1.73 B.M.; UV (DMF, nm) 269, 306 and 354; FT-IR (ATR,
cm™') 3449 (O—H), 1752 (C=0)ester, 1604 ((=N—N=C), 1248 and
1165 (C—0—C). MS (ES*), (m/z): 947.50 [M]*. Analysis (%Calcu-
lated/found) for C46H44CuN4044 C: 58.37/58.42, H: 5.32/5.26, N:
5.92/5.85, Cu: 6.91/6.85.
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DNA binding

Electronic absorption titrations

All the experiments involving the interaction of the complexes
with CT-DNA were carried out in water buffer containing 5 mM tris
[tris(hydroxymethyl)aminomethane] and 50mM NaCl, and
adjusted to pH 7.3 with HCL. The solution of CT-DNA in the buffer
gave a ratio of UV absorbance of 1.8-1.9:1 at 260 and 280 nm, indi-
cating that the CT-DNA was sufficiently free of protein [22]. The
CT-DNA concentration per nucleotide was determined spectropho-
tometrically by employing an extinction coefficient of 6600 M~
cm~! at 260 nm [23]. An appropriate amount of the copper com-
plexes was dissolved in a solvent mixture of 1% DMF and 99%
tris-HCl buffer. Absorption titration experiments were performed
by maintaining the metal complex concentration as constant while
gradually increasing the concentration of the CT-DNA within
0-100 pM.

Chemical nuclease activity

pBR322 plasmid DNA was used for all cleavage activities. In a
typical experiment, 7 pl plasmid DNA (50 ng/pl) was mixed with
different concentrations of complexes (10, 25, 50, 75 and 100 uM
dissolved in DMF) to determine optimum activation concentration.
5 ul H,0, (5 mM) was added to mixture to oxidize the reactant.
Finally the reaction mixture was diluted with the Tris buffer
(100 mM Tris, pH: 8) to a total volume of 30 pl. After that reaction
mixtures were incubated at 37 °C for 2 h. Samples (20 pl) were
then loaded with 4 pl loading dye (0.25% bromophenol blue,
0.25% xylene cyanol,30% glycerol, 10 mmol EDTA) on a%1 agarose
gel containing 1 pg/ml of EtBr. The gel was run at 100V for 3 h
in TBE buffer and photographed under UV light. To test for the
presence of reactive oxygen species generated during strand scis-
sion, reactive oxygen intermediate scavengers, that is, SOD, DMSO,
KI and NaN3 were added alternately to the reaction mixture.
Samples were treated as described above.

Results and discussion
Synthesis and characterization

The bidentate hydrazone Schiff base (HsL!) was easily prepared
according to the previously reported method with small change
[21]. The reaction of this compound with ethyl bromoacetate in
the presence of dry K,COs in dry acetone gave the other Schiff
base-hydrazone ligand (HL?) bearing ester group which was
reported for the first time in this work (Scheme 1). The copper(II)
complexes were synthesized by the reaction of the synthesized
acylhydrazone with copper(ll) acetate in ligand to copper ratio of
2:1. The nature of bonding and geometry of the Cu(Il) complexes
as well as Schiff base hydrazones were deduced from elemental
analysis, various spectroscopies (IR, UV-Vis, '"H NMR, *C NMR,
mass) and microscopies (TEM, SEM-EDS), magnetic susceptibility
measurements, thermal gravimetric analysis (TGA), and powder
X-ray diffraction (XRD) techniques.

"H and 3C NMR spectroscopy

The main 'H NMR signals for each of the acylhydrazone com-
pounds in DMSO_dg are given in the experimental section. Forma-
tion of the HL? is confirmed by the absence of the OH proton signal
at 9.93 ppm assigned to the starting material Hs;L'. The D,O
exchangeable resonances appeared at 10.41 and 10.58 ppm for
HsL! and HL? ligands are assigned to NH protons [24-28]. The
NMR spectra of HL? shows two signals for each hydrogen of the
carboxylic ester parts possibly due to unsymmetrical nature of

two ester groups of HL2. For instance, two different chemical shift
values for the methylene protons of —CH,OPh have been observed
as a singlet at 4.82 and 4.87 ppm, suggesting these methylene
protons at the each ester groups is not equal. Accordingly, two
quartets and triplets almost overlapping with one another are
observed for the other methylene (OCH») and methyl (—CH,CH-)
protons of the carboxylic ester groups (Fig. S1).

The 'H NMR spectral assignments of the new acylhydrazone
compounds are also supported by the '3C NMR spectrum. The char-
acteristic chemical shifts of the amide carbonyl (C9) and azome-
thine (C10) groups of the acylhydrazones are observed at 161.1
and 160.7 ppm and 161.8 and 159.3 ppm for H5L' and HL? ligands,
respectively. In the '3C NMR spectra of the HL? the signals at 169.3
and 169.2 ppm are assignable to the carbonyl carbons of ester
groups (C3 and C15). Similarly to the 'H NMR spectra, two signals
are observed for the each carbon of the two ester parts of the HL?
(C4 and C14, C2 and C16, C1 and C17) probably due to unsymmet-
rical nature of these groups. The chemical shifts for the carbon
atoms of the aromatic rings are recorded between 114.8 and
159.3 ppm. These assignments are in good agreement with those
previously reported for similar compounds [29-34]. These results
strongly suggest that the proposed acylhydrazone compound has
been formed. Furthermore, in the 'H and '>C NMR spectra of the
HsL! and HL? only one signal has observed for each hydrogen
and carbon indicating that both acylhydrazones are the E
configuration (Fig. 1) [24,25,29-31].

IR spectroscopy

In the IR spectra of the HsL!, the vibration band of v(O—H) is
observed at 3285 cm™! which disappears in the IR spectrum of
HL? indicating that condensation takes place. The stretching vibra-
tions of amide I and imine groups are observed at 1625 and
1617 cm™!, 1657 and 1605 cm™! for HsL! and HL?, respectively.
On the other hand, the band observed at 1755 cm™! is assigned
to the stretching vibration of the ester carbonyl which is also char-
acteristic for carboxylic esters (Fig. S2). The amide NH stretching
band of HsL! is not observed in the IR spectra probably due to
overlapping with the broad OH stretching frequency. However, this
band is observed clearly at 3365cm™!' in IR spectra of the HL?
ligand which is hydroxyl group free [24-27,30,31].

In the IR spectra of the copper(Il) complexes, the amide I and
Vv(N-H) stretching bands disappear and a new band appears at
1604 cm-1 probably due to >C=N—N=C< stretching vibration indi-
cating transformation of the carbonyl group to its enolic form
through keto-enol tautomerism and subsequent coordination of
the enolic oxygen to metal after deprotonation [27-32]. Therefore,
from the IR spectra it is concluded that the acylhydrazones act as
mono anionic bidentate ligands coordinating through the azome-
thine nitrogen and the enolic oxygen (Fig. 2). In addition, the bands
due to the carbonyl of the carboxylic ester and phenolic OH vibra-
tions remain unaltered, suggesting non-involvement of these
groups in the complex formation (Fig. S3). In the mass spectra of
the complexes, the presence of molecular ion peaks at m/
z=602.76 [M]" for [Cu(H,L'),] and 947.45 [M]" for [Cu(L?),]
confirm the proposed structures.

Electronic absorption spectra

The ligands exhibit a band around 267 nm and 250 nm for HsL!
and HL?, respectively, assignable to the aromatic ring transition
7n — 7. The intense bands observed at 304 nm for HsL' and
300 nm for HL? can be assigned the n— 7« type electronic transi-
tions. In the copper(ll) complexes, these bands undergo slight
bathochromic shift to 308 and 306 nm for [Cu(H,L');] and
[Cu(L?)?], respectively, and the intensities of these bands are also
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Scheme 1. Schematic diagram showing the synthesis of the acylhydrazone ligands. i, NH,NH;-H,0, EtOH, reflux 4 h. ii, 4-hydroxyacetophenone, EtOH, AcOH, reflux 5 h; iii,

ethyl bromoacetate, K,COs, acetone, reflux 40 h.
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Fig. 1. Structural configurations of the Schiff base-hydrazones.
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Fig. 2. Suggested structures of the copper(Il) complexes.

increased. The electronic spectrums of copper complexes show the
metal-to-ligand charge transfer bands at 380 nm and 354 nm for
[Cu(H,L'),] and [Cu(L?),] complexes, respectively, which is
comparable to those of previously reported complexes [24-28].
In the visible region, there is a shoulder at 403 nm for [Cu(H,L),]
which is also probably due to allowed charge-transfer transition.
Unfortunately the expected weak d-d transition in the visible
region for the paramagnetic copper complexes cannot be detected
even with concentrated solutions. It may be lost in the low energy
tail of the charge transfer transition [24-27]. The observed mag-
netic moment values for [Cu(H,L'),] and [Cu(L?),] complexes are

1.71 and 1.73 BM, respectively, which are consistent with the
expected spin-only magnetic moment of an S=1/2 (1.73 BM),
Cu(II) d® system.

X-ray diffraction analysis

Single crystal XRD could not be employed to confirm the struc-
tures of the complexes since attempts to isolate crystals suitable
for single X-ray diffraction were unsuccessful. To obtain further
evidence about the structure of the copper complexes, powder
XRD pattern of the complexes were recorded over at 20 = 10-70°
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range and XRD patterns are shown in Figs. S4 and S5. One of the
copper complexes, [Cu(L?),], displays sharp crystalline peaks
indicating their crystalline nature, whereas the other complex,
[Cu(H,L"),]-2H,0, does not exhibit well-defined crystalline peak
possibly due to its amorphous nature. The average crystallite sizes
of the [Cu(L?),] were complex calculated using Scherre’s formula.
The complex has an average crystallite size of 52 nm, suggesting
that it is in nanocrystalline phase.

SEM and EDS analyses

The surface morphologies of Schiff base-hydrazones and their
copper(Il) complexes were observed by scanning electron micro-
scope (SEM). The SEM micrographs were taken at 15 kV accelerat-
ing voltage and magnification was fixed according to x500 shown
in Figs. 3 and 4. The SEM micrograph of HsL! ligand in Fig. 3a shows
a polycrystalline morphology with agglomerated nano rods, and
the presence of particles are randomly distributed. On the other
hand, from the SEM micrograph of the copper complex of this
ligand, [Cu(H,L'),] (Fig. 3b), it is clearly seen that the surfaces of
these particles with different sizes appear to be smooth and por-
ous. The average particle sizes for HsL! and its Cu(Il) complex are
~10 pm and ~100 pm respectively. The SEM micrograph of HL?
(Fig. 4a) exhibits a square single phase having layer by layer with
irregular boundary in different micrometer size whereas its copper
complex, [Cu(L?),], has a homogeneous phase with non-uniform
needles. The average sizes of these particles are nearly 50 pum.
From SEM micrograph, it is clear that there is a strong change in
morphology of the acylhydrazone ligands after coordination to
copper ion.

Energy dispersive spectroscopy (EDS) allows determining the
chemical composition of a sample. Therefore, the compositions of
both ligands and copper complexes were defined by EDS analysis
shown in Figs. 5 and 6. By comprising the EDS spectrum of the
ligands and copper complexes it is concluded that each aroylhyd-
razone ligands contains only C, N, O atoms whereas their
complexes have just C, N, O and Cu atoms. The existence of no
other elemental peak assures the highly purity of prepared hydra-
zones and copper(ll) complex powders. The EDS spectrum is
appeared identical for both complexes confirming the formation
of the copper complexes.

HRTEM investigations

The crystallographic (T1) and amorphous (T2) structures of the
copper complexes were also observed by HRTEM and the results
are shown in Figs. 7 and 8. As shown in Figs. 7a and 8a and b,
the copper complex T1, [Cu(L?),], has a crystal structure. Atomic

arrangement and electron diffraction pattern expose the crystal-
line structure. On the other hand, as shown in Fig. 7b, the complex
T2, [Cu(H,L'),], has an amorphous nature. The HRTEM result
supports the results of the previously mentioned XRD.

Thermal analyses

Temperature stability of the copper complexes was conceived
by using thermogravimetric (TG) method carried out from 20 to
920 °C. According to TGA curves, the [Cu(H,L'),] loses of ~6% of
total weight in the 35-150 °C temperature range (Fig. S6). This
weight loss corresponds to the remove of two moles water mole-
cule (calcd. 5.64%) held in the lattice. This low temperature loss
confirms that the water molecule does not participate in coordina-
tion. When the temperature keeps on raising, the [Cu(H,L!),] com-
plex loses ~60% of the total weight within the temperature range
150-500 °C and ~20% of the remaining weight between tempera-
ture range 500-830°C corresponding to decomposition of the
organic part of the hydrazone Schiff base ligand and finally leaving
copper oxide as a residue. On the other hand, thermal degradation
of [Cu(L?),] complex occurs in two steps (Fig. S7). In the first step,
the complex loses ~55% of total weight within temperature range
230-370 °C corresponding the removal of the organic part of the
acylhydrazone ligand. The last step in the 370-900 °C temperature
range is the decomposition of the remaining copper(Il) complexes
leaving copper oxide as a residue.

Binding studies

Electronic absorption titrations

Absorption titration is an effective method to examine the bind-
ing mode of DNA with metal complexes [33-35]. Usually, when a
drug interacts with DNA and forms a new complex, change in
the UV-Vis absorption spectra of the drug occurs. In particularly,
hypochromism with usually with a red shift due to strong stacking
interactions between aromatic chromophore of molecule and the
base pairs of DNA may appear in the case of an intercalative bind-
ing mode. On the other hand, the absorption intensities of drugs
are increased (hyperchromism) upon increasing the concentration
of CT DNA due to a damage of the CT-DNA double-helix structure.
The extent of the hyperchromism is indicative of the partial or non-
intercalative binding modes, such as electrostatic forces, Vander
Waals interaction, hydrogen bonds and hydrophobic interaction.

The electronic absorption spectra of the copper(Il) complexes in
the absence and in the increasing concentrations of CT-DNA are
given in the Fig. 9A and B. Upon addition of DNA, the bands at
308 nm for the [Cu(H,L'),] and at 306 nm for the [Cu(L?),]
complexes exhibit hyperchromism of 10.67% and 12.05% together

Fig. 3. The scanning electron micrographs of (a) HsL'; (b) [Cu(H,L"),].
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Fig. 4. The scanning electron micrographs of (a) HL?; (b) [Cu(L?),].
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Fig. 7. HRTEM micrograph of (a) [Cu(H,L")]; (b) [Cu(L?),].
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(A): [Cu(H,L"),], (B): [Cu(L?),].

with hypsochromic shifts (10 and 8 nm), respectively, indicating
that both copper complexes bind and form new complexes with
CT-DNA. On the other hand, the bands at 380 and 354 nm for
[Cu(H,L"),] and [Cu(L?),] complexes show only hypochromism
without any shift in wavelength. A distinct isobestic point is
observed at 319 and 315nm for [Cu(H,L');] and [Cu(L?),],
respectively, indicates the existence of the single binding mode.
These changes are typical of the complexes bound to DNA through
non-covalent interaction [36]. The changes in the UV-Vis spectra
of the copper complexes suggest that that the binding natures of

the titled copper complexes with DNA are very similar and they
might bind to DNA by the groove binding or by electrostatic mode
rather than by intercalative mode. The observed hypochromism
could be attributed to as results of the contraction of DNA helix
axes as well as the conformational changes on molecule of DNA.
It can be also concluded from Fig. 9 that the electronic absorption
spectra of the copper complexes are not significantly changed upon
addition of DNA, suggesting that the architectures of the copper
complexes are not significantly modified by binding. The binding
constant, K, was determined by using the equation,
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[DNA]/(eq — &) =[DNA]/(&, — &) + 1/Kp (&, — &), where [DNA] is the
concentration of DNA in base pairs, &, &rand ¢, correspond to Agpsd/
[M], the extinction coefficient of the complexes and the extinction
coefficient of the complex in the fully bound form, respectively,
and Ky is the intrinsic binding constant. The ratio of the slope to
intercept in the plot of [DNA]/(g, — &) versus [DNA] gives the value
of K, and for complex. The binding constant (K,) values of
1.0x10*M™! for [Cu(H,L!'),] and 3.0 x 10*M~' for [Cu(L?),]
suggest that [Cu(H,L"),] has slight lower affinity to DNA than that
of [Cu(L?),]. However, the binding constants of these complexes
are lower in comparison to those of the classical intercalators
(for ethidium bromide and [Ru(phen)DPPZ]) [37,38].

Cleavage studies

The pBR322 plasmid exists in a compact supercoiled conforma-
tion (Form I). Upon formation of strand breaks, the supercoiled
form of DNA is split up into the nicked circular form (Form II)
and the linear from (Form III). If only one DNA strand is cleaved,
the form I will relax to produce a nicked circular from. If both
strands are cleaved, the form Il will be produced. These three plas-
mid DNA conformations are distinguishable when subjected to
agarose gel electrophoresis since relatively fast migration is
observed for supercoiled form when the plasmid DNA is subjected
to electrophoresis. The nicked circular form migrates slowly and
the linear form migrates between form I and form II.

The ability of the copper complexes to cleave DNA in the pres-
ence and absence of H,0, was studied by gel electrophoresis using
the supercoiled form of pBR322 at 37 °C in TBE buffer [39-41]. We
prepared five different concentrations of the complexes with the
range from 10 to 100 puM. The titled copper(Il) complexes exhibit
effective cleavage activity converting the supercoiled DNA into
the open circular and linear forms in the presence of hydrogen per-
oxide as a result of double-strand breaks over the plasmid mole-
cule (Fig. 10). It is also clearly seen that the DNA cleavage is
concentration dependence with a similar pattern for both copper
complexes.

There is little difference in terms of DNA cleavage of the Cu(Il)
complexes between 10-50 pmol/L. With 10 and 25 pM concentra-
tions, both copper complexes are found to cleave the supercoiled
DNA to nicked and linear DNA forms and the circular supercoiled
DNA band completely disappears (Fig. 10, lanes 1, 2, 12, 13). The
cleavage percentage of nicked form is much higher than that of lin-
ear form for both complexes. In the case of the [Cu(H,L!),], it seem
that the cleavage percentages of the Form Il and Form III of the plas-
mid DNA decreases with increasing concentration but they are still
seen. (Fig. 10, lanes 3, 4, 5). On the other hand, at high concentra-
tions (above 75 pM) of the [Cu(L?),] complex, the plasmid DNA is
almost degraded into indistinguishable small fragments (Fig. 10,
lanes 15, 16). In order to obtain information about the active chem-
ical species effecting DNA damage, the cleavage reactions were also
carried out in the presence of various ROS scavengers, that was,
superoxide dismutase, NaN3, DMSO and KI. As Fig. 11 presents,
the cleavage activity of both copper complexes is reduced dramat-
ically in the presence of SOD and KI (lines 1, 2, 5 and 6) indicating
that superoxide radicals and hydrogen peroxide-derived species
play a key role in the cleavage process. Moreover, NaN; and DMSO
enhance the cleavage reaction of [Cu(L?),] (compare line 10 in
Fig. 10 with lines 7 and 8 in Fig. 11) but inhibit that of [Cu(H,L!),]
(compare line 5 in Fig. 10 with lines 3 and 4 in Fig. 11). These results
seem to suggest that hydroxyl radical (HO-) and singlet-oxygen
('0,) are also involved in the cleavage reaction of [Cu(L?),] to some
extend. It may be concluded from these results that DNA cleavage
promoted by the titled copper complexes in the presence of H,0,
takes place probably via an oxidative pathway.

In the absence of hydrogen peroxide the complexes [Cu(H,L"),]
and [Cu(L?),] exhibit less nuclease activity suggesting that

1 23 456 7 8 91011121314 151617 1819 20 21
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Fig. 10. Agarose gel electrophoresis of oxidative cleavage of pBR322 plasmid DNA
by different concentrations of copper(Il) complexes in the presence and absence of
hydrogen peroxide. Lane 1: [Cu(H,L"),] (10 uM) + DNA + H,0,, Lane 2: [Cu(H,L!),]
(25 uM) + DNA + H,0,, Lane 3: [Cu(H,L'),] (50 uM) + DNA + H,0,, Lane 4: [Cu(H,.
L'),] (75 uM) + DNA + H,0,, Lane 5: [Cu(H,L'),] (100 uM) + DNA + H,0,, Lane 6:
[Cu(H,L"),] (10 uM) + DNA, Lane 7: [Cu(H,L"),] (25 uM) + DNA, Lane 8: [Cu(H,L"),]
(50 uM) +DNA, Lane 9: [Cu(H,L'),] (75uM)+DNA, Lane 10: [Cu(H,L!),]
(100 uM) + DNA, Lane 11: DNA control, Lane 12: [Cu(L?),] (10 uM) + DNA + H,0,,
Lane 13: [Cu(L?);] (25 uM) + DNA + H,0,, Lane 14: [Cu(L?),] (50 uM) + DNA + H,0,,
Lane 15: [Cu(L?),] (75 uM) + DNA + H,0,, Lane 16: [Cu(L?),] (100 uM) + DNA + H,_
0,, Lane 17: [Cu(L?),] (10 uM) + DNA, Lane 18: [Cu(L?),] (25 uM) + DNA, Lane 19:
[Cu(L?);] (50 M)+ DNA, Lane 20: [Cu(L?),] (75 uM)+DNA, Lane 21: [Cu(L?),]
(100 pM) + DNA.
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Fig. 11. Agarose gel electrophoresis of pBR322 plasmid DNA treated with the
copper(Il) complexes and potential inhibitors agents in the presence and absence of
hydrogen peroxide. Lane 1: [Cu(H,L'),] (100 pM) + DNA + H,0, + SOD (100 pg/mL),
Lane 2: [Cu(H,L'),] (100 uM)+ DNA + H,0, +KI (100 uM), Lane 3: [Cu(H,L!),]
(100 uM) + DNA + H,0, + NaNs (100 uM), Lane 4: [Cu(H,L'),] (100 uM) + DNA + H,_
0, + DMSO (100 uM), Lane 5: [Cu(L?),] (100 uM) + DNA + H,0, + SOD (100 pg/mL),
Lane 6: [Cu(L?),] (100 uM) + DNA+H,0,+KI (100 uM), Lane 7: [Cu(L?),]
(100 uM) + DNA + H,0, + NaN3 (100 uM), Lane 8: [Cu(L?),] (100 uM)+ DNA + H,_
0, + DMSO (100 puM), Lane 9: DNA control, Lane 10: [Cu(H,L!),] (100 pM) + DNA + -
SOD (100 pg/mL), Lane 11: [Cu(H,L"),] (100 uM)+ DNA +KI (100 uM), Lane 12:
[Cu(HoLY),] (100 uM) + DNA+NaN; (100 uM), Lane 13: [Cu(H.L'),]
(100 uM) + DNA + DMSO (100 uM), Lane 14: [Cu(L?),] (100 uM)+ DNA +SOD
(100 pg/mL), Lane Lane 15: [Cu(L?),] (100 uM)+DNA +KI (100 uM), Lane 16:
[Cu(L?),] (100 M) + DNA + NaN3 (100 uM), Lane 17: [Cu(L?),]
(100 uM) + DNA + DMSO (100 pM).

hydrogen peroxide plays an important role to aid the copper com-
plexes in oxidative DNA cleavage reaction. Both Cu(Il) complexes
slightly convert the supercoiled DNA to form II, but the supercoiled
form is still seen (Fig. 10), implying that they probably undergo a
mainly single-strand cleavage pathway in the absence of an oxi-
dant agent. It is also clearly seen that as the concentrations of both
titled copper(Il) complexes increase, the concentration of the
cleaved DNA increases. It is reasonably expected in the absence
of an oxidant agent the DNA cleavage is a hydrolytic. On the other
hand, it is also reported that the DNA cleavage mediated by the
some copper complexes occur via an oxidative mechanism without
any oxidizing agent [24,39,40,42]. In this situation, the oxidative
DNA cleavage can be ligand-based, possibly due to the involvement
of a non-diffusible organic radical mechanism that lead to oxida-
tive DNA cleavage. The other way is that in the presence of dioxy-
gen, the hydrogen abstraction from the deoxyribose sugar
produces dihydrogen peroxide. Then, dihydrogen peroxide couples
with copper ion in a Fenton-type reaction to produce reactive
diffusible oxygen species making the DNA cleavage oxidative.
Considering these observations, the cleavage reactions were also
performed with the radical scavengers in the absence of hydrogen
peroxide. Fig. 11 shows that addition of DMSO, NaNs, KI and SOD
inhibits indeed the cleavage bye [Cu(H,L'),] (compare line 16 in
Fig. 10 with lines 10-13 in Fig. 11), therefore, superoxide, hydroxyl
radicals and singlet oxygen species are involved in its DNA cleav-
age process. On the other hand, for complex [Cu(L?),] ROS used
in this work show very little effect on the cleavage process in the
absence of oxidative agent (compare line 21 in Fig. 10 with lines
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14-17 in Fig. 11). These results seem to suggest that the DNA
cleavage mediated by the titled complexes may also consist via
an oxidative pathway. Further studies are undergoing to elucidate
the cleavage mechanism.

Conclusions

In summary, two new copper(ll) complexes supported by
bidentate NO donor two Schiff base-hydrazone ligands derived
from 4-hydroxybenzoylhydrazide and 4-hydroxyacetophenone
have been synthesized and characterized using different spectro-
scopic techniques, including FT-IR, UV-Visible, MS, 'H and 13C
NMR spectroscopy, TGA, XRD, SEM and TEM. The results of elec-
tronic absorption titrations indicate that the non-covalent binding
modes of these Cu(Il) complexes possibly groove binding or elec-
trostatic interaction. The complexes also exhibit efficient oxidative
DNA cleavage, which significantly depends on concentrations of
the complexes, in the presence of hydrogen peroxide by an oxida-
tive mechanism involving hydrogen peroxide-derived species and
superoxide radicals. Both copper(Il) complexes also display slight
nuclease activity in the absence of an oxidant agent. The DNA
cleavage reactions carried out with the titled complexes in the
absence of oxidative agent are inhibited by the presence of various
radical scavengers indicating that the cleavage reaction also may
undergo by an oxidative mechanism.
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