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EXPERIMENTAL BIOLOGICAL STUDIES OF NOVEL TETRADENTATE
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A series of mononuclear Cu(ll) complexes were synthesized using a potential tetradentate hydra-
zone ligand obtained from the reaction between phenylhydrazine groups and 2,5-
thiophenedicarboxaldehyde. The structures of ligands and complexes were elucidated through various
spectroscopic techniques, confirming their composition. All complexes were found to adopt four-
coordinated geometries, indicating the formation of stable structures. Spectroscopic analysis revealed that
the hydrazone ligand coordinated with the Cu(ll) metal ions as a dibasic tetradentate ligand by utilizing
the phenolic oxygen and azomethine nitrogen atoms. The binding affinity of the complexes with calf
thymus DNA (CT-DNA) was investigated using absorption and viscosity measurements, demonstrating
their interaction through the intercalation mode. The binding studies showed that the Cu(ll) complexes
exhibited varying degrees of binding affinity, with Cu(L*) demonstrating the highest affinity, followed by
Cu(LY), Cu(L?), and Cu(L®). Moreover, the DNA fragmentation properties of the Cu(ll) complexes were
evaluated, suggesting their potential utilization in pharmaceutical applications. The obtained results high-
light the significance of these novel complexes in the field of medicinal chemistry.
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EKCIIEPUMEHTAJIHU BUOJIOIIKHA CTYAUN HA HOBU TETPAJJTEHTATHHA XU/IPASOHCKHA
KOMIIJIEKCH HA Cu(l1) 3A TOTEHHUJAJITHU AIVIMKALIIUU BO MEJULIMHCKATA XEMHAJA

Cepuja moHonykieapuu komiuiekcd Ha Cu(Il) Gea cHHTETH3MPaHU CO KOPUCTEHC Ha MOTEHIIUjaICH
TETPAJCHTATCH XUIPA30HCKH JIMTaH ] JOOMEH O] peakirjara moMery GeHmIXuAPa3uHCKUTE TPYIH U 2,5-
tuopenarkapookcangexuy. CTpyKTypuTe Ha JIMTaHIMTE M Ha KOMIUIEKCUTE Oea pa3jacHeTH NpeKy
Pa3IHYHH CIIEKTPOCKOTICKA TEXHHKH, MOTBPAYBajKM TO HHBHHOT COCTaB. YTBPIACHO € IeKa CHUTE
KOMIUIEKCH MMaaT YeTHpH KOOPIMHUPAHW TEOMETPHH, INTO YKaKyBa Ha (OpPMHUpaAmE CTAOMIHM
cTpykTypH. CHEKTpOCKOIICKaTa aHaJln3a OTKPH JieKa JIMTaHJI0T XHJPa30H € KOOPAWHHUPAH CO jOHHUTE Ha
meranor Cu(ll) xako nBoOaszeH TeTpajeHTaTeH JIMraHj] INPEeKy KHCIOPOJOT Ha (eHOJT M a30TOT Ha
azomeTnH. CBp3yBaukuoT aguHUTET Ha KoMIulekcure co DNA Geme wcrnuTyBaH Ha TUMYCOT Ha Teie
(CT-DNA) co nomom Ha Mepema Ha ancopludjata ¥ BHCKO3HOCTA2, NEMOHCTPHpajKM ja HHUBHATA
HWHTEpaKIyja MpeKy pexNMOT Ha MHTepKananyja. CTyIuUTe 3a CBp3yBame IMOKa)xkaa JeKa KOMIIICKCHTE
Ha Cu(ll) mokaxyBaaT pasjuueH cTeleH Ha cBp3yBauku apuuutet, npu mro Cu(L*) mokaxka HajBHCOK
apunurer, cneaar Cu(LY), Cu(L?) u Cu(L3). Ilokpaj Toa Gea oleHeTH cBOjcTBaTa Ha (hparMeHTaLjaTa Ha
DNA na kommiekcute Ha Cu(ll) mTo ykaska Ha HHBHO IOTEHIMjAIHO KOPHCTEHE BO (papMarleBTCKH
aruKanuy. JloOMeHnTe pe3ysiTaTi ro UCTaKHyBaaT 3HaYCHEeTO Ha OBHE HOBHM KOMIUIEKCH BO o0acTa Ha
MEIUITMTHCKATa XeMUja.

Knyuynu 300poBu: xerepounkinnuHu xujpaszonu; komimuieke Ha Cu(Il); unTepakumm nHa DNA;
nHXUOMIHMja Ha Toron3zomMepasa |
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1. INTRODUCTION

Heterocyclic compounds hold significant
importance in the fields of medicinal chemistry
and bioinorganic chemistry due to their profound
biological effects. Particularly, heterocyclic com-
pounds containing atoms such as sulfur, nitrogen,
and oxygen have garnered the attention of re-
searchers, primarily due to their pharmacological
profiles.)® Ongoing studies in this area aim to de-
velop novel therapeutic agents for challenging dis-
eases, including cancer. Among the various hetero-
cyclic structures, thiophene, characterized by its
sulfur group, has emerged as a promising candidate
with potential anticancer properties. Literature re-
ports have highlighted the ability of thiophene de-
rivatives to target and bind to proteins specific to
different types of cancer, with binding properties
contingent upon the positioning within the mole-
cule.* Furthermore, transition metal complexes of
these heterocyclic structures have received consid-
erable attention due to their coordination chemistry
and beneficial pharmacological attributes.

The presence of heterocyclic compounds in
fundamental biomolecules such as DNA, RNA,
and proteins underscores the significance of syn-
thetic analogues derived from these compounds in
biological systems. This observation emphasizes
their role in the design and development of thera-
peutic agents.® This has led to the synthesis of nov-
el thiophene derivatives and their corresponding
metal complexes, each tailored with unique struc-
tural properties to target specific molecular entities
in the pursuit of potential anticancer agents.®

In light of the aforementioned considera-
tions, this study focuses on the synthesis of new
hydrazone ligands capable of providing a potential
tetradentate (N2O,) chelation system, as well as the
corresponding Cu(ll) coordination compounds
based on these ligands. Comprehensive characteri-
zations of the synthesized ligands and complexes
were conducted utilizing various spectroscopic
techniques. In addition, the biological activities of
these newly synthesized compounds, including
DNA-binding, DNA-cleavage, and inhibition of
the topoisomerase | enzyme, were investigated to
elucidate the structure-activity relationships.

2. MATERIALS AND METHODS

Solvents and chemicals used in the study
were obtained commercially from Merck and Sig-
ma-Aldrich. Solvents used in synthesis and meas-
urements were freshly distilled and dried. pBR322
plasmid DNA was obtained from Fermentas.
TopoGen Inc. provided DNA topoisomerase |
(topo ). On a LECO 932 CHNS analyzer, microa-
nalysis (C, N, and H) was done, and copper content
was determined using atomic absorption spectros-
copy on a DV 2000 Perkin Elmer ICP-AES. At-
tenuated total reflectance (ATR) method coupled
with a Fourier transform infrared (FTIR) spec-
trometer (Thermo-Scientific Nicolet iS10) was
used and spectra were acquired on pure solid mate-
rials from 4000 to 400 cm™. A Sherwood Scien-
tific MK1 Model Gouy Magnetic Susceptibility
Balance was used to assess magnetic susceptibility
on powdered materials at room temperature. A PG
Instruments T80+ UV/Vis Spectrophotometer was
used to record the electronic absorbtion spectra in
DNA interaction experiments. Thermogravimetric
analysis was performed using a Perkin Elmer Pyris-
1 TGA thermal analyzer. 4-hydroxybenzohydrazide
(1a),% 4-aminobenzohydrazide (Ib), salicyloylhy-
drazine (Ic),” and 2-aminobenzohydrazide (ld)’
were prepared according to the reported methods.

2.1. Synthesis
2.1.1. Synthesis of hydrazine ligands

These compounds were synthesized as fol-
lows by changing the method given in the litera-
ture® A solution of 0.02 mol of 4-
hydroxybenzohydrazide, 4-aminobenzohydrazide,
salicyloylhydrazine or 2-aminobenzohydrazide in
15 ml of ethanol was added to a solution of 0.01
mol of 2,5-thiophenecarboxyaldehyde in 10 ml of
ethanol. After the addition was complete, a few
drops of acetic acid was added to the reaction as a
catalyst and stirred under reflux for about 3 hours.
The products, which became clear at first then be-
gan to precipitate as a yellow solid. The yellow
precipitates formed were filtered off. The purity of
the substance was checked with thin layer chroma-
tography (TLC) and the product was purified by
crystallization from an ethanol-water (1:1) mixture.
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Scheme 1. Synthesis and proposed structure of hydrazone ligands (4-hydroxybenzohydrazide (H2L),
4-aminobenzohydrazide (H2L?), salicyloylhydrazine (H2L?2), and salicyloylhydrazine (H2L%))

(N',N"E,N",N"""E)-N",N""*-(thiophene-2,5-diylbis
(methanylylidene))bis(4-hydroxybenzohydrazide)
(H2LY: Yield 72%. m.p.: 300 °C. UV-Vis. (DMF,
nm) 273; 365 (sh); 383; 403(sh). FTIR (ATR,
cm™1): 3075 br (OH), 3301 w (NH), 1636 s (C=0),
1603 s (C=N), 1246 m (C-0O). H-NMR
(DMSO_ds, ppm): ¢ 6.67 (d, 4H), 7.44 (s, 2H),
7.81 (d, 4H)(-ArH), 6 8.66, (s, 2H) (HC=N), ¢
10.57 (s, 2H) (OH), 0 11.72 (s, 2H) (NH). Analy-
sis: (% calculated/found) forCxHi1sN4O4S: C,
58.81/58.92; H, 3.95/3.95; N, 13.72/13.25.

(N",N""E,N",N""E)-N",N""'-(thiophene-2,5-diylbis
(methanylylidene))bis(4-aminobenzohydrazide)
(H.L?): Yield 70%. m.p.: 295 °C. UV-Vis. (DMF,
nm) 270; 392.5; 410.5 (sh). FTIR (ATR, cm™?):
3216 w (NH), 3317 w (NH), 1652 s (C=0), 1598
s (C=N), 1259 m (C-0). 'H -NMR (DMSO_ds,
ppm): ¢ 5.80 (S, 4H) (-NHy), ¢ 6.59(d, 4H), 7.39
(s, 2H), 7.66 (d, 4H) (-ArH), ¢ 8.62, (s, 2H)
(HC=N), ¢ 11.51 (s, 2H) (NH). Analysis: (% cal-
culated/found) for CzHi1sNsO,S; C, 59.10/59.12;
H, 4.46/4.45; N, 20.68/20.75.

(N*,N""E,N',N"""E)-N",N""*-(thiophene-2,5-diylbis
(methanylylidene))bis(2-hydroxybenzohydrazide)

(HzL3):Yield 73%. m.p.: 259 °C. UV-Vis. (DMF,
nm) 270.5; 304.5. FTIR (ATR, cm™): 3072 br
(OH), 3202 w (NH), 1660 s (C=0), 1604 s (C=N),
1288 m (C-O). 'H -NMR (DMSO _dg, ppm): 6
6.98(q, 4H), 7.45 (t, 2H), 7.52 (s, 2H), 7.85 (d, 2H)
(-ArH), ¢ 8.66, (s, 2H) (HC=N), 6 11.73 (s, 2H)
(OH), o 11.92 (s, 2H) (NH). Analysis: (% calcu-
Iated/found) for CooH1sN4O4S: C, 5881/5882, H,
3.95/3.90; N, 13.72/13.78.

(N',N""E,N",N""E)-N",N""'-(thiophene-2,5-diylbis
(methanylylidene))bis(2-aminobenzohydrazide)

(H.L%: Yield 71%. m.p.: 274 °C. UV-Vis. (DMF,
nm) 270.5; 386; 407.5. FTIR (ATR, cm1): 3309 w
(NH>), 3398 w (NH), 1651 s (C=0), 1610 s (C=N),
1248 m (C-0). *H-NMR (DMSO_ds, ppm): J 6.38
(s, 4H) (-NH), ¢ 6.57 (t, 2H), 6.74 (d, 2H), 7.20
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(t, 2H), 7.42 (s, 2H), 7.53 (d, 2H) (-ArH), J 8.56,
(s, 2H) (HC=N), 011.66 (s, 2H) (NH). Analysis:
(% calculated/found) for CaHisNsO.S: C,
59.10/59.20; H, 4.46/4.55; N, 20.68/20.79.

2.1.2. Synthesis of Cu(ll) complexes

A solution of 0.01 mol copper(ll) acetate di-
hydrate in ethanol was added dropwise to a sus-
pension of 0.01 mol of hydrazone ligand in etha-
nol. The resulting mixture was stirred under reflux
for about 1 hour, then cooled and filtered. It was
left to dry after washing with alcohol and water.
The complexes were crystallized with the N, N-
dimethylformamide (DMF) ether.

For Cu(L'): CxH1sCuN4OsS, Brown complex.
Yield: 65 %; m.p.: > 350 °C. Uers = 1.70 B.M.; UV-
Vis (DMF, nm) 291.5; 309.5 (sh); 322.5 (sh);
366.5 (sh); 386.5; 406; 429 and 455. FTIR (ATR,
cm1) 3162 w and br (OH), 1600 — 1590 m (C=N-
N=C), 1168 w (C-0O). Analysis (% calculat-
ed/found) for Co0H16CuN4O4S C: 50.90/50.82, H:
3.42/3.44, N: 11.87/11.98, Cu: 13.46/13.43.

For Cu(L?: CaxHisCuNsO,S, Brown complex.
Yield: 70 %; m.p.: > 350 °C. Hers = 1.70 B.M.; UV-
Vis. (DMF, nm) 298.5; 331; 365.5; 372.5 (sh);
389.5; 413; 440 and 465.5. FTIR (ATR, cm™?)
3222 w and br (NHz), 1603 m (C=N-N=C), 1177
w (C-0). Analysis (% calculated/found) for
C20H1sCuNgO-S, C: 51.11/51.17, H: 3.86/3.90, N:
17.88/17.98, Cu: 13.52/13.50.

For Cu(L®: CxoHisCuN4O.S, Brown complex.
Yield: 67 %; m.p.: > 350°C. Hers = 1.69 B.M.; UV-
Vis. (DMF, nm) 275.5; 334.5; 387 (sh) 419.5 and
443.5. FTIR (ATR, cm™t) 3060 w and br (OH),
1621 — 1599 m (C=N-N=C), 1248 w (C-0).
Analysis (% calculated/found) for C2oH16CUN4O4S,
C: 50.30/50.28, H: 3.42/3.42, N: 11.87/11.88, Cu:
13.46/13.52.
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For Cu(L*): CaH1sCuNsO,S, Brown complex.
Yield: 68 %; m.p.: > 350 °C. Hers = 1.72 B.M.; UV-
Vis. (DMF, nm) 274; 367 (sh); 395.5; 413 (sh) and
465 (sh). FTIR (ATR, cm %) 3307 (NHy), 1610 m

N
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Scheme 2. Synthesis and proposed structure of Cu(ll) complexes

2.2.1. DNA binding studies

The complexes DNA binding ability was as-
sessed using UV-Vis and fluorescence spectrosco-
py with minor modifications to previously pub-
lished protocols.®*! Titrations were conducted at
room temperature using a buffer containing 10 mM
Tris-HCI and 50 mM NaCl (pH 7.6). The complex
stock solution was prepared using 1% (V/V) DMF
and 99% (V/V) Tris-HCI buffer. Lyophilized CT-
DNA was dissolved in Tris-HCI buffer overnight
at 4 °C and used within 2 days as a DNA stock
solution. The UV absorbance ratio at 260 and 280
nm for the DNA solution was approximately 1.8—
1.9 : 1, indicating minimal protein contamination.
DNA concentration was determined from the ab-
sorbance at 260 nm using the molar absorption
coefficient (6600 Mt cm™) at 260 nm. 1t

2.2.1.1. UV-Visible absorption studies

Absorption titrations were performed by
adding increasing concentrations of CT-DNA (0-
100 pM) to a constant complex concentration (100
KM). The reaction mixture was incubated for 5
minutes before recording the absorption spectrum.
The intrinsic binding constant (Kp) of the complex

was calculated using the Wolfe-Shimmer equation.
9-11

2.2.1.2. Viscosity measurements

Viscosity experiments were conducted at
room temperature using an Ubbelodhe viscometer.
Viscosity values were presented as (n/no)*® versus

Cu(I)Ac.2H,0

(C=N-N=C), 1158 w(C—0). Analysis (% calculat-
ed/found) for C2H1sCuNeO:S, C: 51.11/51.15, H:
3.86/3.80, N: 17.88/17.79, Cu: 13.52/13.40.

the ratio of complex to DNA concentrations
([complex]/[DNA]). The obtained results are pre-
sented comparatively with 4',6-diamidino-2-
phenylindole (DAPI) and ethidium bromide (ETB).

9-11

2.2.2. DNA cleavage studies

Plasmid DNA (pBR322) cleavage by the
complex was analyzed using agarose gel electro-
phoresis. Optimal cleavage conditions were deter-
mined by incubating the reaction mixture at 37 °C
for 1-6 hours with periodic intervals in the pres-
ence and absence of H,O, (5 mM). Gel electropho-
resis was performed at 80 V for 1.5 hours, and UV
light was used to visualize the DNA bands.® !

2.2.3. Topoisomerase Inhibition assays

Topoisomerase | (Topo 1) relaxation assays
were carried out according to the manufacturer's
instructions (TopoGEN). The reaction mixture
containing pHOT1 plasmid DNA was incubated
with different concentrations of the complex, and
Topo | activity was stopped with gel loading "stop™
buffer. Gel electrophoresis was performed at 45 V
for 3 hours, and the gel was stained with ethidium
bromide for visualization.®*!

3. RESULTS AND DISCUSSION
3.1. Chemistry

According to the *H NMR spectra of the lig-
ands, the imino protons showed low field signals at
o 11.51 — 11.92 ppm, confirming the presence of
the hydrazone ligands in the keto form. Another

Maced. J. Chem. Chem. Eng. 43 (1), 127-136 (2024)



Experimental biological studies of novel tetradentate hydrazone Cu(ll) complexes... 131

HC=N peak proving hydrazone formation in lig-
ands was seen at 6 8.56 — 8.66 ppm. Protons in the
aromatic ring, another of the common peaks in
hydrazone ligands, appeared as doublets, triplets
and singlets, usually in the range of & 6.57 — 7.85
ppm, depending on the positions of —-OH and —NH,
groups in the structure. Thiophene ring protons
from the hydrogens in this aromatic ring exhibited
a singlet signal at about 6 7.39 — 7.52 ppm. While
peaks of H,L! and HoL? ligands with —OH group in
their structure from hydrazone derivatives are seen
as singlets at 6 10.57 and 11.73 ppm, peaks of
H.L3 and H.L* ligands with -NH; group appear as
broad singlets at & 5.80 and 6.38 ppm as ex-
pected.113

In the FTIR spectra of the Cu(ll) complexes
of the compounds, the amide | band and the car-
bonyl band disappeared, and these peaks were re-
placed by new peaks, which likely belong to the
>C=N-N=C< stretching vibrations and appeared at
1600 cm (Cu(LY)), 1603 cm (Cu(L?)), 1599 cm
(Cu(L?), and 1610 cm™ (Cu(L%). This indicates
the conversion of the carbonyl group in the ligands
to the enolic state, which is explained by keto-enol
tautomerism. Then, after deprotonation, coordina-
tion of enolic oxygen to copper(ll) ion occurred.
Another change that explains this is that the w (N-
H) peaks observed around 3300 cm™ in the FTIR
spectra of the ligands are not observed in the FTIR
spectra of the copper(ll) complexes. In addition,
the fact that the bands resulting from the vibrations
of —OH and —NH; groups in the para- and ortho-
positions of the ligands remain unchanged, sug-
gesting that these groups are not involved in the
formation of complexes. Based on the FTIR spec-
tral data obtained, it can be stated that the
bis(aroylhydrazone) ligands of the complexes be-
have like dianionic O,N,N,O-tetradentate ligands
and there are no other side groups involved of the
coordination in the structure.

While an average of two electronic transi-
tions were observed in the electronic spectra of the
ligands, four or five electronic transitions were
observed in Cu(ll) complexes. The absorbances
occurring around 270 — 272 nm are estimated to
belong to n—n* electronic transitions. The absorb-
ances observed around 294 nm and 365 nm belong
to the n—nw* electronic transitions in the com-
pounds. In addition, the peaks at 400 nm and above
in the complexes are the peaks of the d-d charge-
transfer transitions of the complexes.”#1°
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Magnetic moment values for the Cu(ll)
complexes at room temperature is between 1.69 —
1.72 B.M., which are compatible with the spin only
value of 1.73 B.M. for one d° copper ion.

The thermogram for the all the Cu(Il) com-
plexes were recorded from 30 to 800 °C at a heat-
ing rate of 20 °C/min in a nitrogen atmosphere.
The complexes decomposed completely above 900
°C, as shown in Figures S9-12. The absence of any
dissociation step between 100 and 250 °C indicates
the absence of any side groups inside and outside
the coordination sphere.'® The decomposition step,
which starts in the temperature range of about 280
— 300 °C in all complexes, may correspond to the
decomposition of the part where all the complexes
break down. This decomposition phase was com-
pleted around 450 °C; this corresponds to the part
where the organic portion of the ligands decom-
poses, ultimately leaving copper oxide as residue.

3.2. Stability

The stability of the copper(ll) complexes
was examined in DMF solution for 24 and 48
hours using UV-Vis spectroscopy (Figs. S5-8).
Spectra were recorded at 100 uM concentrations of
the complexes. No difference was observed in the
spectra of the complexes after 24 and 48 hours in-
dicating that the complexes are stable in solution.

3.3. DNA binding

In order to investigate the binding interac-
tion of new metal complexes with CT-DNA, the
UV-Vis absorption spectroscopy method, which is
one of the most used and effective methods, was
applied. The absorption spectra of the metal com-
plexes obtained by adding increasing concentra-
tions of CT-DNA to the metal complexes at con-
stant concentration are shown in Figure 1. The
presence of hypochromism and bathochromism
observed in the spectra of the compounds and the
intercalative binding constants obtained from these
graphs are related to each other. The K, values ob-
tained for the Cu(ll) complexes were 1.52-105M™?
(Cu(LY), 3.90-10° Mt (Cu(L?), 3.75-10° M
(Cu(L?), and 2.87-10° Mt (Cu(L*) (Table 1). As
a result of the observed changes in the absorption
spectrum, the Cu(ll) complexes appear to be inter-
calated with CT-DNA.
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Fig. 1. UV-Vis absorption spectra of complexes (100 pM), upon addition of increasing amounts of CT-DNA

Table 1

The binding constant, Ky, for the intercalation of Cu(ll) complexes with CT-DNA

AmaX (NM) AL % Isobestic point
Compound Free Bound (hm) Hyp* (nm) Ko(M™)
Cu(LY) 402 400 2.0 7.87 341 1.52-108
Cu(L?) 384.5 383 15 5.88 298 3.90-10°
Cu(L?®) 415 413 2.0 5.27 349; 302.5 3.75-10°
Cu(L4 390 388.5 15 6.80 305 2.87-108

*Hyp, hypochromism (%Hyp = A—A0/A0)

Viscosity measurement, which is sensitive to
variation in the length of DNA, is one of the most
effective and simple methods of distinguishing the
binding mode of DNA binding agents.!” Classical
intercalation causes an increase in DNA length and
thus a significant increase in the viscosity of the
DNA solution. On the other hand, under the same
conditions, compounds that bind only to DNA
wells by partial and/or non-classical intercalation
typically cause bending of the DNA helix, reduc-
ing the length of the DNA and the viscosity of the
DNA solution.’!8 The viscosity of the CT-DNA

was determined by measuring increasing concen-
trations of the complexes. The effects of all syn-
thesized complexes on the viscosity of CT-DNA at
30 £ 0.1 °C are shown in Figure 2. Experimental
data showed that with the increase in the concen-
tration of metal complexes, an enlargement of the
helix and thus an increase in the viscosity of the
CT-DNA occurred. The affinity of the compounds
under investigation can be determined from the
increase in viscosity grade following the order
Cu(L*) > Cu(LY) > Cu(L?) > Cu(L?3).

Maced. J. Chem. Chem. Eng. 43 (1), 127-136 (2024)
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Fig. 2. Effect of increasing amounts of the Cu(ll) complexes,
DAPI and EB on the relative viscosity of calf thymus DNA

3.4. DNA cleavage

DNA cleavage activities of the compounds
were determined by unwinding the supercoiled
form (FI) of pBR322 plasmid DNA into nicked
circular (FIl) and linear forms (FIII).2*% The
cleavage efficiency of complexes in pBR322 plas-
mid DNA was determined using the agarose gel
electrophoresis method. Due to the different bind-

DNA*+ H0: + Cu(L") (100 uM)
6h 5h 4h 3h 2h 1th  DNA

[ |l

- Flll
- F|

DNA* Cu(L") (100 pM)
DNA  1h 2h 3h 4h 5h 6h

DNA* Hz02 + Cu(L?) (100 pM)
DNA  1h 2h 3h 4h 5h 6h

DNA + Cu(L?) (100 uM)
6h 5h 4h 3h 2h ith  DNA

ing affinities of the complexes to DNA, different
DNA fragmentation efficiencies of the complexes
may occur.?! The results obtained were analyzed in
the absence of complexes by comparison with con-
trol DNA. In this case, it was observed that DNA
cleavage activities of all complexes increased with
increasing incubation times (1 — 6 h) at a constant
concentration of 100 uM under oxidative and hy-
drolytic conditions (Fig. 3).

DNA*+ H0 + Cu(L?) (100 uM)
6h 5h 4h 3h 2h th  DNA

— F I

—-- Fll
—-- F|

[ _dll

(- Flll
—- F|

DNA#+ Hz02 + Cu(L*) (100 uM)
6h 5h 4h 3h 2h 1h  DNA

DNA + Cu(L#) (100 uM)

Fig. 3. The DNA cleavage activities of complexes obtained using agarose gel electrophoresis method
and dependent on oxidative and hydrolytic conditions (based on incubation time of 1 — 6 hours)
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Similarly, DNA cleavage activity of the stud-
ied complexes increased in direct proportion to the
concentration in the studies (12.5 — 200 uM), where
the incubation time was kept constant (Fig. 4). It
was observed that the complexes were effective on
plasmid DNA even at the lowest concentration and
in the first hours. In addition, it was observed that

DNA+ Hz02 + Cu(L")

DNA 125 25 50

100 150 200 (uM)

- F

- F |l
- F|

DNA+ Cu(L")

DNA 125 25 50 100 150 200(uMm)

- F

- Fll|
(- F|

DNA# H20; + Cu(L?)
DNA 125 25

50 100 150 200 (uM)

[l

- Fll
(- F|

DNA + Cu(L?)
DNA 125 25 50 100 150 200 (uM)

e F Il

- Flll
(- F|

3.5. Topoisomerase inhibition activity

The topoisomerase | inhibition activities of
the complexes were investigated using the standard
plasmid relaxation method. This method directly
assesses the impact of compounds on the ability of
topoisomerase | to convert supercoiled (SC) DNA
into its relaxed form. Topoisomerase | enzyme
converts SC DNA into relaxed DNA and nicked
open circular (NOC) DNA forms. NOC DNA is a
single-stranded, double-stranded DNA formed by
the cleavage of the single strand of SC DNA by
topoisomerase I.

In gel electrophoresis, SC DNA progresses
the fastest, NOC DNA is the slowest advancing
form, and Relax DNA usually progresses in layers
between these two forms. When topoisomerase |
shows its activity normally, the band of SC DNA,
which is the fastest walking form, is expected to

DNA 125 25

- F ||
- Fll
(- F|

DNA 125

e F Il
(- Fll|
(- F|

Fig. 4. The concentration-dependent (12.5 - 200 uM) DNA cleavage activities obtained using
agarose gel electrophoresis method and under oxidative and hydrolytic conditions

the shearing activity of the complexes was still spe-
cific at the highest concentration and highest incu-
bation times. Besides the oxidative cutting activity
being better than the hydrolytic cutting activity, it
was observed that the two activities were very close
to each other.

DNA+ Hz0: + Cu(L?)
DNA 125 100

200 (uM)

- F |

- F|ll
- F|

DNA + Cu(L2)

DNA 12.5 100 200 (uM)

- F I
(- Flll
- F|

DNA# H;0; + Cu(L4)
100 150 200(uM)

DNA+Cu(L4)
100 150 200(uM)

disappear, and bands to Relax DNA and NOC
DNA are expected to appear. On the other hand,
bands of Relax DNA and NOC DNA forms will
not appear on the gel in cases where topoisomerase
I activity is inhibited.

In this study, the inhibitory activities of the
complexes against topoisomerase | enzyme were
investigated by the pBR322 DNA relaxation test.
At 20 uM concentration, Cu(ll) complexes exhib-
ited inhibitory activity by eliminating the relax
form caused by topoisomerase | enzyme (Fig. 5).
While Cu(L3) and Cu(L*) complexes showed better
inhibition activity compared to Cu(L?) and Cu(L?)
complexes, it was observed that the activities of
the complexes were lower compared to camptothe-
cin. The results show that Cu(ll) complexes can
function as potential anticancer agents due to their
inhibition activities against topoisomerase | en-
zyme at 20 UM concentration.
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DNA+ TI
Cu(L!) +TI
Cu(l?) +TI

<
=
o

Cu(L3) +TI

Cu(L?) +TI

CPT

NOC DNA
} Relaxed DNA
SC DNA

Fig. 5. The topoisomerase | inhibition activity of Cu(ll) complexes obtained using agarose gel electrophoresis method.
Camptothecin (CPT) was used as a control.

4. CONCLUSIONS

A new series of symmetrical hydrazone lig-
ands and their mononuclear Cu(ll) metal complex-
es were synthesized by various methods and their
structures were characterized by various spectro-
scopic techniques. As a result of the interaction
studies of the complexes with CT-DNA, it was
observed that all complexes bind via intercalation
with CT-DNA and the binding affinity was ordered
as Cu(L*) > Cu(L) > Cu(L?) > Cu(L?®). All metal
complexes were observed to cleave plasmid
pBR322 DNA, in the absence of an external agent,
from super-helical Form | to open circular Form |1
or linear Form Ill. Finally, in the inhibition studies
of the complexes with the enzyme topoisomerase |,
it was observed that the complexes inhibited the
activity of the topoisomerase | enzyme at a concen-
tration of 20 uM. Therefore, these first studies on
the development of new strong metal-based com-
plexes with practical applications are presented in
the light of the information obtained from the pre-
sent study, revealing the utility of these compounds
as potential new therapeutic drugs.

Data availability statement

The data that supports the findings of this
study are available in the supplementary material
of this article.
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