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DNA-binding properties and antioxidant activity of lanthanide
complexes with the Schiff base derived from 3-carbaldehyde
chromone and isonicotinyl hydrazine
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Structural analyses indicate that the ligand and lanthanide ions form mononuclear
10-coordinate ([Ln L, - (NOjs),] - NO; [Ln(Ill)=La, Sm, Nd, and Yb; L is chromone-
3-carbaldehyde-(isonicotinoyl) hydrazone) complexes with 1:2 metal-to-ligand stoichiometry.
DNA-binding studies show that the ligand and its lanthanide complexes can bind to calf
thymus DNA via an intercalation mode with binding constants of 10° (mol L~")~', and the
lanthanide complexes bind stronger than the free ligand alone. Antioxidant activities of the
ligand and lanthanide complexes were determined by superoxide and hydroxyl radical
scavenging methods in vitro. The ligand and complexes possess strong scavenging effects, and
the lanthanide complexes show stronger antioxidant activities than the ligand and some
standard antioxidants, such as vitamin C.

Keywords: Chromone-3-carbaldehyde-(isonicotinoyl) hydrazone; Lanthanide complexes;
DNA-binding properties; Antioxidant activity

1. Introduction

A large percentage of chemotherapeutic anticancer drugs are compounds which interact
with DNA directly or prevent the proper relaxation of DNA (through the inhibition of
topoisomerases). DNA-targeting cancer drugs continue to be developed, as evidenced
by the recent approval of belotecan [1, 2]. Given the applications of DNA-targeting
drugs for cancer and beyond, the investigation of drug-DNA interactions is of
considerable interest. Drug-DNA interactions can be classified into three major
categories: intercalation, groove binding, and external static electronic effects [3].
Because DNA intercalators have been extensively used as antitumor, antineoplastic,
antimalarial, antibiotic, and antifungal agents, DNA intercalation binding mode is
widely studied [2]. Chromones (1-benzopyran-4-one), a group of naturally and widely
distributed compounds ubiquitous in nature, especially in the plant kingdom [4], receive
considerable attention, mainly due to their biological and physiological activities, such
as antimycobacterial, antifungal, anticonvulsant, antimicrobial, mushroom tyrosinase
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inhibition activities, and intermediates to many products of fine chemical industries
[5, 6]. Some hydrazones and their metal complexes often possess diverse biological and
pharmaceutical activities, such as antimicrobial, antituberculostatic, anticancer,
antioxidant properties [7-10]. Furthermore, Schiff bases are also able to inhibit the
growth of several animal tumors, and some chelates have shown good antitumor
activities against tumors [11]. Over production of activated oxygen species, superoxide
anion (O37) and hydroxyl radical (HO®), generated by normal metabolic process, is
considered to be the main contributor to the oxidative damage of biomolecules, such as
DNA, lipids, and proteins; thus, accelerating cancer, aging, inflammation, cardio-
vascular, and neurodegenerative diseases [12]. The potential value of antioxidants has
already prompted investigators to search for the cooperative effects of metal complexes
and natural compounds to improve the antioxidant activity and cytotoxicity [13].

Herein, we report the synthesis and characterization of a Schiff-base ligand,
chromone-3-carbaldehyde-(isonicotinoyl) hydrazone (L), and its lanthanide complexes.
Their DNA-binding modes and antioxidant activities were investigated systematically.
Our work will be useful to seek and design new antitumor drugs and antioxidants,
as well as to better understand the DNA-binding modes and helical conformation of
nucleic acids.

2. Experimental

2.1. Materials and instrumentation

Ethidium bromide (EB) and calf thymus DNA (CT DNA) were purchased from Sigma
Chemical Co. All chemicals and solvents were of analytical reagent grade, and used
without purification unless otherwise noted.

All the experiments involved with the interaction of the ligand and complexes with
CT DNA were carried out in doubly distilled water buffer containing 5 mmol L~" Tris
[Tris(hydroxymethyl)-aminomethane] and 50 mmol L' NaCl and adjusted to pH 7.1
with hydrochloric acid. Solution of CT DNA in Tris-HCl gave ratios of UV absorbance
of about 1.8-1.9:1 at 260 and 280 nm, indicating that the CT DNA was sufficiently
free of proteins [14]. The CT DNA concentration per nucleotide was determined
spectrophotometrically by employing an extinction coefficient of 6600 (mol L™")~'cm ™!
at 260nm [15]. The ligand and complexes were dissolved in a solvent mixture of 1%
DMF and 99% Tris-HCI buffer (pH 7.1) at 1.0 x 10 >mol L™".

Carbon, hydrogen, and nitrogen were determined using an Elemental Vario EL
analyzer. The metal contents of the complexes were determined by titration with EDTA
(xylenol orange tetrasodium salt used as indicator and hexamethylidynetetraimine as
buffer). The melting points were determined on a Beijing XT4-100X microscopic
melting point apparatus (the thermometer was not corrected). The IR spectra were
obtained in KBr discs on a Thermo Mattson FTIR spectrophotometer from 4000
to 400cm~'. "H NMR spectra were recorded on a Varian VR 300 MHz spectrometer in
DMSO-d¢ with tetramethylsilane (TMS) as an internal standard. Mass spectra
were performed on an APEX II FT-ICR MS instrument using DMF as
mobile phase. Conductivity measurements were performed in DMF solution with a
DDS-11C conductometer at 25.0°C. UV-Vis spectra were recorded on a Shimadzu
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UV-240 spectrophotometer. Fluorescence spectra were recorded on a Hitachi RF-4500
spectrofluorophotometer at constant room temperature.

2.2. Preparation of the ligand (L)

Scheme of the synthesis of the ligand is shown in figure 1. 3-Carbaldehyde chromone
was prepared according to the literature methods [16]. An ethanol solution containing
isonicotinyl hydrazine (1.37g, 10 mmol) was added dropwise to another ethanol
solution containing 3-carbaldehyde chromone (1.74g, 10mmol). The mixture was
refluxed on an oil bath for 2 h with stirring and a yellow precipitate was formed. The
yellow precipitate was filtered, washed several times with ethanol, and recrystallized
from DMF and water to give L, which was then dried in a vacuum. Yield: 73.3%; m.p.
187—-189°C; Anal. Calcd for C;4H;1N3O05: C, 65.5; H, 3.8; N, 14.3; Found (%): C, 65.8;
H> 37: N, 14.4. IR Vmax (Cmil): V(carbonyl)C=0" 1648, V(hydrazonic)C=0- 1702a VC=N:
1601 cm ™. Upax (nm): 266, 302 nm. L (DMSO-dg 300 MHz): §11.83 (1H, s, =NNH),
8.85 (1H, s, 9-H), 8.78 (2H, d, J=6.3Hz, 11, 11’-H), 8.64 (1H, s, 2-H), 8.13 (1H, d,
J=8.7Hz, 5-H), 7.88 (3H, m, PhH, 7, 10, 10’-H), 7.72 (1H, d, J=1.7Hz, 8-H), 7.55
(1H, t, J=28.7, 2.5Hz, 6-H).

2.3. Preparation of the complexes

The ligand (1.0mmol, 0.293g) and La(Ill) nitrate (0.5mmol, 0.217g) were added
together in ethanol (150 mL). The solution was refluxed on an oil bath for 2h with
stirring and a white precipitate, the La(II1I) complex, was separated from the solution by
suction filtration, purified by washing several times with ethanol, and dried for 24h in a
vacuum. Sm(IIT), Nd(III), and Yb(IIT) complexes were prepared in the same way. Anal.
Calcd for La(IIl) complex C3,H»,NoOqsLa: C, 42.2; H, 2.4; N, 13.8; La, 15.2; Found
(%): C, 42.3; H, 2.5; N, 13.5; La, 152. IR vy (cm™): V(carbonyl)C—=0: 1589,
V(hydrazonic)c=0: 1035, veon: 1560, vno,: 1469, 1388, 1322, 1180, 821, vy o 603,
vmon: 434em™l Upax (nm): 275, 307nm. A, (Scmzmol_l): 80.5. Anal. Calcd for

OH OCOCHj3 OH
COCH
(CH4C0),CO 3
AICl POCI,
98% H,S0, A DMF
1 2 3
(o}

Figure 1. Synthesis of the ligand (L).
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Sm(III) complex C3,H»,NgO;sSm: C, 41.6; H, 2.4; N, 13.7; Sm, 16.3. Found (%):
C, 415, H, 25, N, 136, Sm, 16.3. IR Vmax (cm_l): V(carbonyl)C=0- 1616, V(hydrazonic)C=0O-
1638, ve_n: 1576, vno,: 1483, 1394, 1324, 1182, 817, vy o: 608, vvon: 420ecm ™", Upax
(nm): 273, 307nm. A, (Scm’mol™'): 88.5. Anal. Caled for Nd(III) complex
C3,H2NoO5sNd: C, 41.9; H, 2.4; N, 13.8; Nd, 15.7. Found (%): C, 41.8; H, 2.4; N,
137, Nd, 15.6. IR Vmax (cm_l): V(carbonyl)C=0- 1627, V(hydrazonic)C=0- 1639, VCc=N- 1562,
vNno,: 1462, 1390, 1320, 1180, 813, vy o: 604, vy n: 427 em ™. Upayx (nm): 275, 308 nm.
Am (S cm?mol~'): 75.7. Anal. Caled for Yb(III) complex C3,H2,NoO5Yb: C, 40.6; H,
2.3; N, 13.3;YD, 18.3. Found (%): C, 40.7; H, 2.4; N, 13.3; YDb, 18.4. IR vax (cm_l):
v@ammeC:O:1614>Vmwhuoqu:O:16369VC:N:1578aVN03:146631384913229118L
815, vpo: 601, vy n: 416em ™", Upax (nm): 276, 306 nm. A,, (Scm?mol™"): 91.0.

3. Results and discussion

3.1. Structure of Ln(IIl) complexes

The lanthanide complexes were prepared by direct reactions of chromone-3-
carbaldehyde-(isonicotinoyl) hydrazone (L) with appropriate mole ratios of
Ln(NO3);-6H,0 (Ln=La, Sm, Nd, and Yb) in ethanol. All the lanthanide complexes
are yellow powders, stable in atmospheric conditions for extended periods, and easily
soluble in DMF and DMSO; slightly soluble in ethanol, methanol, and acetone;
insoluble in benzene, water, and diethyl ether. The melting points of the lanthanide
complexes exceed 300°C. The molar conductivities of lanthanide complexes are around
75.7-91.0 Scm®mol ™' in DMF solution indicating that all of them are 1: 1 electrolytes
[17]. Elemental analyses indicate that all the lanthanide complexes are 1:2 metal-
to-ligand stoichiometry.

IR spectra of the lanthanide complexes are similar. Vicarbonyl)c=0 aNd V(nydrazonic)c=0
of the free ligand appear at 1648 and 1702cm ™", respectively, and for the complexes
these shift to 1616 and 1638cm™"' with AV(iigand—complexes) €qual to 30 and 64cm™!.
A band at 608 cm™! is assigned to vy, demonstrating that the oxygen of carbonyl
has formed a bond with lanthanide [18]. The shifts of the wavenumbers indicate that
the Ln—O (hydrazonic) bond is stronger than the Ln—O (carbonyl) bond. The band
at 1601 cm™" for free ligand assigned to ve_y shifts to 1576cm™" for the complexes,
AV(iigand complexesy Of 25 ecm~!. Weak bands at 420cm™' are assigned to vy n in
the complexes, confirming that nitrogen of the imino-group bonds to lanthanide
ions [19]. Absorption bands of the coordinated nitrates were observed at 1483 (v,)
and 817 (vg)em ™. The v; (E') of free nitrates appear at 1394cm™! for the complexes.
In addition, the separation of the two highest frequency bands vy — v;| is approximately
160cm ™', and accordingly the coordinated NOj is bidentate [20].

UV-Vis spectra of the ligand and lanthanide complexes were measured in
Tris-HCI1 buffer solution. Electronic spectra of the ligand have a strong band at
Upnax =266 n1m (¢ = 1.70 x 10*(mol L") 'em ™) and a medium band at Uy, = 302 nm
(¢=9.36 x 10*(mol L") 'em™'). Lanthanide complexes also vyield two bands,
shifted to 273-276nm (e=1.04—2.41 x 10*(mol L™ ) 'em™!) and 306-308 nm
(e=2.51-2.76 x 104 (mol L™ ") 'em™").
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The electrospray ionization (ESI) mass spectra of La(IIl) complex show peaks at 786,
723, and 294, which can be assigned to the fragments [La(III) complex—2NOs-H]",
[La(IIT) complex—3NO5—2H]", and [La(IIl) complex—3NOs—L-La + H]J", respectively.

Since the crystal structures of the Ln(III) complexes have not been obtained, we
determined the structures of Ln(III) complexes on the basis of elemental analyses,
molar conductivities, mass spectra, IR spectra, UV-Vis spectra, and our previous work
[21-23], indicating that the ligand and lanthanide ions form mononuclear 10-coordinate
[Ln L,-(NOj3),]- NO; [Ln(III) =La, Sm, Nd, and Yb; L is chromone-3-carbaldehyde-
(isonicotinoyl) hydrazone] complexes with 1:2 metal-to-ligand stoichiometry at the
Ln(III) centers (figure 2).

3.2. DNA-binding properties

Methods of investigating DNA-binding properties, such as electronic absorption
titration, fluorescence spectra, and viscosity measurements are given in the
Supplementary material. Electronic absorption titration is one of the most useful
techniques for DNA-binding studies of metal complexes. The absorption spectra of the
ligand and complexes in the absence and presence of DNA are similar and absorption
spectra of Nd(III) complex are given (figure S1). In the presence of DNA, absorption
bands at 275nm for the ligand, La(IIl), Sm(III), Nd(III), and Yb(III) complexes
exhibited hypochromism of about 14.68%, 31.34%, 24.36%, 41.78%, and 24.57%,
respectively. Absorption bands at 308 nm for the ligand, La(IIT), Sm(III), Nd(III), and
Yb(III) complexes also exhibited hypochromism of about 32.46%, 41.04%, 37.80%,
41.31%, and 37.30%, respectively, accompanied by a small red shift of no more than
3nm. Moreover, isobetic points at 335-342nm for the ligand and complexes are
observed, indicating an equilibrium between the investigated compound and DNA.
These results suggest an intimate association of the compound with DNA via
intercalation. After intercalating the base pairs of DNA into the compound, the 7*
orbital of the intercalated ligand can couple with the 7 orbital of the DNA base pairs,

_ H

o
o=N__ Ln< On==0 | o,
o

T

N N
N IN:

(0)

Figure 2. Suggested structure of the Ln(III) complexes.
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thus, decreasing the m — 7* transition energy and resulting in the bathochromism.
The coupling 7 orbital is partially filled by electrons, thus, decreasing the transition
probabilities and concomitantly resulting in hypochromism [24]. Nd(III) complex
shows more hypochromicity than the free ligand and other complexes, indicating that
the binding strength of Nd(III) complex is stronger than the other compounds.

In order to test if the compounds bind to DNA via intercalation, EB was employed
(figure S2) because EB interacts with DNA as a typical indicator of intercalation.
The maximal absorption of EB at 479 nm decreases and shifts to 486 nm in the presence
of CT DNA, which is a characteristic of intercalation. Curve (b) shows the absorption
of a mixed solution of EB, DNA, and Nd(III) complex. The absorption at 494 nm
increases compared with curve (c). These may result from two reasons: (1) EB bound to
the free ligand and complexes strongly, resulting in decrease of the amount of EB
intercalated into DNA; (2) there exists competitive intercalation between the
compounds and EB with DNA, so releasing some free EB from the DNA-EB
system. However, the former reason could be precluded because there were no new
absorption peaks appearing.

Upon addition of DNA, the fluorescence emission intensity of every investigated
compound increases steadily at room temperature (figure S3). According to the
Scatchard equation, a plot of r/Cy versus r gave the intrinsic binding constants Ky, of
(2.2£0.3) x 10°, (4.0£0.6) x 10°, (2.640.5) x 10°, (7.64+0.9) x 10°, (3.1+0.5) x 10°
(mol L™")~" from the fluorescence data for the ligand, La(III), Sm(III), Nd(III), and
Yb(III) complexes, respectively. The Stern—Volmer plot is linear, indicating that only
one type of binding process occurs. Fluorescence increasing may be attributed to the
compounds protected from solvent water by the hydrophobic environment inside the
DNA helix [25]. Results obtained from fluorescence titrations show that the lanthanide
complexes bind to DNA more strongly than the free ligand, probably attributed to the
extension of the 7 system of the intercalated ligand and the coordination of lanthanide
ions, which can lead to a planar area greater than that of the free ligand and the
coordinated ligand penetrating more deeply into and stacking more strongly with
the DNA base pairs.

The emission spectra of EB bound to DNA in the absence and the presence of every
compound have been recorded for [EB]=4x10""M, [DNA]=5x10"°M for
increasing amounts for every compound; emission fluorescence intensities of the
DNA-EB system decrease with the increasing amounts of Nd(III) complex (figure S4).
The emission band at 589 nm of the DNA-EB system decreases in fluorescence intensity
upon addition of every compound at diverse r (=[Compound]/[DNA]) values indicating
competition of the compounds with EB in binding to DNA. The observed quenching of
DNA-EB fluorescence intensity for the compounds suggests that they displace EB from
the DNA-EB system and interact with DNA via the intercalative mode [26]. The
quenching constants K, are often used to evaluate the quenching efficiency for every
compound and vary with experimental conditions. K values are given by the ratio of
the slope to the intercept and K values for the ligand and La(III), Sm(I1I), Nd(III), and
Yb(III) complexes are (2.57+0.03) x 10*(molL™H)~!, (3.2+£0.2) x 10*(mol L™,
(2.7£02) x 10*mol L™,  (5.74£0.4) x 10*(molL™ """, and (3.140.3)x 10*
(mol L™")~", respectively. Experimental results indicate that all compounds bind to
DNA via intercalation and the complexes bind to DNA more strongly than the free
ligand [27].
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A useful technique to prove intercalation is viscosity measurements, which are
sensitive to length changes of DNA and regarded as the least ambiguous and the most
critical tests of binding mode in the solution in the absence of crystallographic
structural data or NMR spectra [28]. Under appropriate conditions, the intercalation of
drugs, such as EB causes a significant increase in the viscosity of DNA solution due to
the increase in separation of base pairs of intercalation sites and hence results in an
increase in overall DNA contour length. On the other hand, drugs such as [Ru(bpy);]*",
which interacts with DNA by an electrostatic binding mode, have no influence on DNA
viscosity [29]. Upon increasing the amounts of our compounds, the relative viscosities
of DNA increase steadily with the increasing concentrations of compounds (figure S5).
The increased degree of viscosity, which depend on the binding affinity of compounds
to DNA, follow the order Nd(III) complex > La(IIl) complex > Yb(III) complex >
Sm(III) complex > L. Experimental results suggest that all the complexes and ligand
intercalate between DNA base pairs and the binding affinities of the complexes are
higher than that of the free ligand.

On the basis of all the spectroscopic studies together with the viscosity measurements,
we find that the free ligand and its lanthanide complexes bind to DNA via an
intercalative mode and the complexes bind to DNA more strongly and deeply than the
free ligand (figure 3).

3.3. Antioxidant activity

Methods of investigating antioxidant activity of the ligand and its complexes are given
in the Supplementary material. ICs, values for the ligand and complexes for HO® are
28.55 and 3.62-10.48 umol L', respectively (figure S6a). The inhibitory effect of the
compounds is marked and the average suppression ratio for HO® increases with
increasing compound concentration. The average suppression ratio of the lanthanide
complexes is higher than the free ligand due to the chelation of organic molecules to
La(IlI), Sm(I1I), Nd(III), Yb(III), which can exert selective effects on scavenging
radicals of the biological system. The plots of superoxide radical scavenging effect (%)
for the ligand and complexes have been made (figure S6b). Inhibitory effect of the
compounds tested on O3~ is concentration dependent and the suppression ratio
increases with the increasing sample concentrations in the range tested. The average
suppression ratio of the free ligand (ICsy=96.02 umol L") for O3 is the least and
La(IIT) complex (ICso=2.34 umol L") is the most effective. The ICs, value of ascorbic

- -

|

Tested compounds

Figure 3. Molecular mode for Ln(III) complexes (via an intercalation mode).
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acid (Vc, a standard agent for non-enzymatic reaction) for HO® is 1.537 mgml™'
(8.727mmol), and the scavenging effect for O3 is only 25% at 1.75mgml™!
(9.94 mmol) [30]. Notably, the investigated ligand and lanthanide complexes have
much stronger scavenging abilities for HO® and O3~ radicals than the standard
antioxidant (vitamin C).

4. Conclusion

A novel ligand, chromone-3-carbaldehyde-(isonicotinoyl) hydrazone, and its La(III),
Sm(IIT), Nd(III), and Yb(IIT) complexes were synthesized. The structures of the Ln(I1I)
complexes were determined on the basis of elemental analyses, molar conductivities,
IR spectra, 'H NMR spectra, mass spectra, and UV-Vis spectra. With the changes of
UV-Vis spectra, fluorescence spectra, and relative viscosities of DNA, DNA-binding
studies indicate that the ligand and lanthanide complexes bind to DNA via an
intercalation mode and the lanthanide complexes bind to DNA more strongly and
deeply than the free ligand. This is due to the lanthanide complexes having two parallel
M-L planes, which may well be an indicator of the intercalation behavior of these
complexes binding to DNA. The lanthanide complexes possess better antioxidant
activity than the ligand because of the chelating effects between the ligand and
lanthanide ions. Results obtained from this work would be useful to understand
the mechanism of interactions of small molecules binding to DNA and helpful in
the development of potential applications in the biological, pharmaceutical, and
physiological fields in the future.
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