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Two oxovanadium complexes incorporating thiosemicarbazones:
synthesis, characterization, and DNA-binding studies
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An oxovanadium complex [VO(satsc)(phen)] (1) (satsc =salicylaldehyde thiosemicarbazone,
phen = phenanthroline) and its derivative [VO(3,5-dibrsatsc)(phen)] (2) (3,5-dibrsatsc=3,
S-dibromosalicylaldehyde thiosemicarbazone) have been synthesized and characterized by
elemental analysis, infrared, electrospray-mass spectra, '"H NMR, and magnetic susceptibility
measurements. The DNA-binding behaviors of these complexes with calf-thymus DNA
(CT-DNA) were investigated by UV-Vis absorption titration, fluorescence spectra, viscosity
measurements, thermal denaturation, and circular dichroism. Both 1 and 2 bind to CT-DNA
by intercalation and 1 exhibits much stronger binding affinity to CT-DNA than 2.

Keywords: Synthesis; Oxovanadium; Thiosemicarbazone; DNA; Thermal denaturation

1. Introduction

Transition metal complexes have been widely employed in studies of DNA [1, 2].
In particular, complexes with polyaromatic ligands have been used as DNA-structural
probes, DNA-dependent electron transfer, sequence-specific cleaving agents, and
potential anti-cancer drugs [3-5].

Complexes having metal ions with strong Lewis acidity could show cleavage of DNA,
modeling the activity of restriction enzymes [3, 4]. As a trace biocompatible element
which exists at the active site of several enzymes, derivatives of vanadium have been
reported to display biological effects including anti-tumor, anti-microbial, anti-
hyperlipidemia, anti-hypertension, anti-obesity, enhancement of oxygen affinity of
hemoglobin and myoglobin, insulin-enhancing effects, etc. [6—-12]. Much effort has been
done for vanadyl species coordinated to organic ligands on insulin mimetic effects in
hopes of developing vanadodrugs [13]. Vanadium also takes part in various DNA-
maintenance reactions and thereby prevents genomic instability which otherwise leads
to cancer [14, 15]. Understanding of how these molecules bind to DNA will be useful in
designing new drugs and reactive probes and diagnostic reagents. Some symmetrical
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Scheme 1. Structures of [VO(satsc)(phen)] (1), X =H and [VO(3,5-dibrsatsc)(phen)] (2), X =Br.

vanadyl-enrofloxacin and N-salicylidene-S-methyl dithiocarbazate oxovanadium com-
plexes of phenanthroline have been reported for the interactions with calf-thymus DNA
(CT-DNA) [14-16]. A vanadyl complex incorporating 3,4-dihydroxybenzylidene
thiosemicarbazide has also been studied for eukaryotic DNA degradation [16]. Thus,
vanadyl complexes bearing thiosemicarbazones have potential effects on DNA, which
may be related with the fact that thiosemicarbazones can bind to the nitrogen base of
DNA, hinder or block base replication, and create lesions in DNA strands by oxidative
rupture [17]. However, the mechanisms by which they interact with DNA have not been
clearly elucidated [16-20]. In this regard, we center our interest on the interaction of
thiosemicarbazone oxovanadium complexes with DNA and try to investigate their
possible mechanism of interaction with DNA. Here, an oxovanadium complex
[VO(satsc)(phen)] (1) (satsc =salicylaldehyde thiosemicarbazone, phen = phenanthro-
line) and its derivative [VO(3,5-dibrsatsc)(phen)] (2) (3,5-dibrsatsc = 3,5-dibromosali-
cylaldehyde thiosemicarbazone, scheme 1) have been synthesized and characterized by
elemental analysis, infrared (IR), electrospray-mass spectra (ES-MS), 'H NMR, UV-
Vis, and magnetic susceptibility measurements. The DNA-binding behaviors of these
two complexes with CT-DNA were investigated using UV-Vis absorption titration,
fluorescence spectra, viscosity measurements, thermal denaturation, and circular
dichroism (CD).

2. Experimental

2.1. Materials and methods

VO(acac), (acac = acetylacetonate) and 1,10-phenanthroline (phen) were commercially
available and used as received. CT-DNA was obtained from Sigma Company. Tris
buffer (Tris = Tris(hydroxyl-methyl) aminomethane) containing Smmol L™' Tris-HCI,
50mmol L™' NaCl (pH =7.2) was used for absorption titration, fluorescence emission,
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viscosity measurements, and CD. A phosphoric acid buffer containing 1.5 mmol L™!
Na,HPO,, 0.5mmolL~" NaH,PO,, and 0.25mmolL~" Na,H,EDTA (H,EDTA =
N,N'-ethane-1,2-diylbis[ N-(carboxymethyl)glycine]) (pH="7.0) was used for thermal
denaturation. A solution of CT-DNA in Tris buffer gave a ratio of UV absorbance at
260 and 280 nm of 1.8-1.9:1, indicating that the DNA was sufficiently free of protein
[18]. The DNA concentration per nucleotide was determined by absorption spectros-
copy using the molar absorption coefficient (6600 (molL™")"'ecm™") at 260 nm [19].

2.2. Physical measurements

Microanalysis (C, H, and N) was carried out with a Perkin-Elmer 240Q elemental
analyzer. ES-MS were recorded on a LCQ system (Finnigan MAT, USA) using
methanol as mobile phase. '"H NMR spectra were recorded on a Varian-500
spectrometer. All chemical shifts are given relative to tetramethylsilane (TMS). IR
spectra were recorded on a Bomen FTIR model MB102 instrument using KBr pellets.
UV-Vis spectra were recorded on a Shimadzu UV-3101 PC spectrophotometer at room
temperature. Emission spectra were recorded on a Perkin-Elmer Lambda 55
spectrofluorophotometer. Magnetic susceptibility measurements were recorded on a
MPMSXL-7(Quantum Design, USA) at room temperature. CD spectra were recorded
on a JASCO-J810 spectrometer.

2.3. DNA-binding studies

Absorption titration of the oxovanadium complex in Tris buffer was performed by
using a fixed concentration of the oxovanadium complex (20 umol L™") to which DNA
stock solution was added. Oxovanadium—DNA solution was allowed to incubate for
3min before the absorption spectra were recorded. In order to further elucidate the
binding strength of the complex, the intrinsic binding constant K}, with CT-DNA was
obtained by monitoring the change in the absorbance of the ligand-transfer band with
increasing amounts of DNA. The intrinsic binding constant K}, of the complex to DNA
was calculated using the following equation [20]:

[DNA] [DNA] 1

ca—& &a—er Kpler—er)

where [DNA] is the concentration of DNA in base pairs; ¢,, & and &, refer to the
corresponding apparent absorption coefficient 4.,¢q/[Vanadium], the extinction coef-
ficient for the free oxovanadium complex, and the extinction coefficient for the
oxovanadium complex in the fully bound form, respectively. In plots of [DNA]/(g, — &p)
versus [DNA], Ky is obtained as the ratio of the slope to the intercept.

Viscosity measurements were carried out using an Ubbelohde viscometer maintained
at 28 £0.1°C in a thermostatic bath. Flow time was measured with a digital stopwatch
and each sample was measured five times to obtain the average flow time. Data were
presented as (n/n0)"/> versus binding ratio [21], where 7 is the viscosity of DNA in the
presence of complexes while 1, is the viscosity of DNA alone.

Thermal denaturation studies were carried out with a Shimadzu UV-3101
PC  spectrophotometer equipped with a  Peltier temperature-controlling
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programmer (+0.1°C). The melting curves were obtained by measuring the absorbance at
260nm for the solutions of CT-DNA (100 umol L™") in the absence and presence of
different concentrations of the oxovanadium complexes as a function of temperature.
The temperature was scanned from 40°C to 92°C at a speed of 1°C min~"'. The melting
temperature (7,,) was taken as the midpoint of the hyperchromic transition.

The CD spectra of 1 and 2 in the absence and presence of CT-DNA were performed
on a JASCO-J810 spectrometer using a fixed concentration of the oxovanadium
complex [V]=10pumol L™" and [DNA]= 130 pmol L™, respectively. The spectra were
recorded at 25°C after samples had been incubated with CT-DNA for 24 h at 37°C.

2.4. Synthesis and characterization

Salicylaldehyde thiosemicarbazone (satsc) and 3,5-dibromosalicylaldehyde thiosemi-
carbazone (3,5-dibrsatsc) were prepared with a method similar to that described earlier
[15, 22, 23]. An equimolar methanolic solution of desired thiosemicarbazide (0.0182 g,
10 mmol) and corresponding salicylaldehyde (0.0244 g, 10 mmol) or 3,5-dibromosalicy-
laldehyde (0.0560 g, 10 mmol) was refluxed for 3 h and then the precipitates were filtered
off, washed with methanol, and dried under vacuum. The products were recrystallized
in ethanol. Satsc: white solid. Yield: 80%. 'H NMR (DMSO-de, 500 MHz) &: 11.34
(s, 1H, J=10.8Hz), 9.88 (s, 1H, J=9.2Hz), 7.21 (t, 1H, J=7.1Hz), 6.86 (d, 1H,
J=7.7Hz), 6.81 (d, 1H, J=7.6Hz), 6.79 (t, | H, J=7.6 Hz). ES-MS (CH3;0H): m/z
196.0 ((M + H]™). IR (KBr disk): v(cm™")=3443, 3319, 3173, 1603, 1537, 1463, 1265,
829, 752. Amax, nm (g, (molL™")"'em™") in DMSO: 340 (26310). 3,5-dibrsatsc: white
solid. Yield: 85%. '"H NMR (DMSO-d¢, 500 MHz) §: 11.54 (s, 1 H, J=11.4Hz), 9.97
(s, 1H, J=9.3Hz), 8.16 (s, | H, J=8.0Hz), 7.75 (s, 1 H, J=7.8 Hz). ES-MS (CH3;0H):
m/z 353.8 (M™1). IR (KBr disk): v(cm™") = 3467, 3356, 3013, 1614, 1535, 1448, 1287, 859,
714. dmax, nm (g, (mol L™ 'em™") in DMSO: 346 (18655).

2.4.1. [VO(satsc)(phen)]. A mixture of satsc (0.0731g, 0.375mmol) and phen-H,O
(0.0743 g, 0.375 mmol) in absolute alcohol (20 cm?) was heated at 72°C under argon for
30 min. After dissolution, VO(acac), (0.1000 g, 0.375 mmol) was added and the brown-
red precipitate was formed immediately. This suspension was kept stirring under reflux
for about 3.5h and then the colored solid formed was filtered from the hot solution,
washed with mixed ethanol and ether three times, and dried under vacuum. Yield: 90%.
Anal. Found (%): C, 54.14; H, 3.39; N, 15.82. Calcd for C,o0H;5sNs0,SV (%): C, 54.55;
H, 3.44; N, 15.92. "H NMR (DMSO-d, 500 MHz) &: 9.11 (d, 2H, J=8.9Hz), 8.51
(t, 2H, J=9.5Hz), 797 (d, 2H, J=7.5Hz), 7.78 (d, 2H, J=7.8Hz), 7.22 (t, 1 H,
J=39Hz), 6.86 (d, 1 H, J=7.7Hz), 6.82 (d, 1 H, J=7.7Hz), 6.77 (t, | H, J=7.6 Hz),
6.75 (t, 1H, J=7.6Hz). ES-MS (CH30H): m/z 441.1 (M +H]"). IR (KBr disk):
viem™") =3284, 1625, 1603, 1441, 940, 767, 598. Amax, nm (¢, (molL™") 'em™") in
DMSO: 265 (41770), 340 (15255), 383 (6525), 760 (20), 797 (20). Magnetic moment:
Merr: 1.64 BM.

2.4.2. [VO(3,5-dibrsatsc)(phen)]. This complex was synthesized with the same method
described for 1. Yield: 89%. Anal. Found (%): C, 40.05; H, 2.15; N, 11.44. Calcd for
CsoH13N50,SBr,V (%): C, 40.13; H, 2.19; N, 11.71. '"H NMR (DMSO-d,, 500 MHz)
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8: 9.11 (d, 2H, J=8.8Hz), 8.51 (d, 2H, J=8.1Hz), 8.01 (s, 1H, J=7.7Hz), 7.79
(d, 2H, J=7.8Hz), 7.78 (d, 2H, J=7.8 Hz). ES-MS (CH;0H): m/z 598.9 (M™). IR
(KBr disk): v(em™')=3289, 1624, 1598, 1439, 965, 769, 624. Amax, DM
(e, molL™)'em™") in DMSO: 264 (41015), 347 (10975), 400 (7815), 786 (20).
Magnetic moment: per: 1.67 BM.

3. Results and discussion

3.1. Complex characterization

Oxovanadium(IV) complexes, [VO(satsc)(phen)] (1) (satsc =salicylaldehyde thiosemi-
carbazone, phen=phenanthroline) and [VO(3,5-dibrsatsc)(phen)] (2) (3,5-
dibrsatsc = 3,5-dibromosalicylaldehyde thiosemicarbazone) are prepared in high yield
when vanadyl acetylacetonate is reacted with the ligands in ethanol.

To study the binding mode of the ligand to vanadium, IR spectra of the free ligands
were compared with the spectra of the vanadium complexes. Selected IR data for
complexes and free ligands are given in table 1. For the ligands, characteristic stretching
vibrations appear at 859 and/or 829 cm™' corresponding to C=S. A strong band in the
free ligands at 1614 or 1603 cm ™" is characteristic of the imine (C=N) [24, 25]. In spectra
of the complexes, (C=N) showed red shifts to 1625 and 1624cm™", indicating
coordination of nitrogen to vanadium (table 1; [26, 27]). Medium intensity band at 3467
and 3443cm™" in free ligands due to von) were absent in the complexes, indicating
deprotonation prior to coordination [25, 27]. The complexes exhibit characteristic
p(V=0) at 965 and 940 cm ™", and v(V-0) at 624 and 598 cm ™' for 1 and 2, respectively.

"H NMR spectra of 1 and 2 are in excellent agreement with the proposed structures.
Chemical shifts of the phenolic hydroxy protons of 11.34 and 11.54 ppm, and amino
protons linking directly to the imine groups of 9.88 and 9.97 ppm for free ligands are
not observed in 1 and 2, affirming that the ligands are coordinated.

Electronic spectra of the complexes and ligands are shown in figure 1. The complexes
show an intense band at 265nm assignable to w—x* transitions of aromatic rings of
phenanthroline [15, 20, 28]. A medium band is observed near 400 nm, attributed to a
ligand-to-metal charge-transfer transition (LMCT) from a p-orbital on the ligand
oxygen to the empty d-orbital of vanadium [29]. The remaining bands in the UV-region
(320-350nm) are assignable to intraligand transitions of the Schiff base [15, 26, 28].
Five- and six-coordinate complexes of oxovanadium(IV) are usually square pyramidal/
trigonal bipyramidal and distorted octahedral, respectively [29]. From the above
obtained spectral data, the Schiff bases bond through phenolate oxygen, imine nitrogen,

Table 1. Selected IR data for complexes and ligands v (cm™").

Compound v(C=S) v(C-S) v(O-H) v(C=N) w(V=0) v(V-0) v(N-H)
Vo(satsc)(phen) - 769 - 1625 965 624 3289
Satsc 859 - 3467 1614 - - 3356
Vo(3,5-dibrsatsc)(phen) - 767 - 1624 940 598 3284

3,5-dibrsatsc 829 - 3443 1603 - - 3319
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Figure 1. Absorption spectra of (a) VO(satsc)(phen) (A) and its ligand salsem (B) and (b) VO(3,5-dibrsatsc)
(phen) (C) and its ligand 3,5-dibrsatsc (D).

and thiolate sulfur leaving the thiomethyl as a pendant group. This implies that 1 and 2
are square pyramidal [15, 29, 30].

The complexes are one-electron paramagnetic giving a magnetic moment value of
~1.6 BM at room temperature, also confirming that the vanadium complexes are V
(IV), with d' configuration [15, 30].

Assignments of the two complexes were made on the basis of elemental analyses and
mass spectral data, confirming the proposed structures. The molecular ion peaks of
complexes at m/z 441.1 and 598.9 for 1 and 2, respectively, were obtained by ESI-MS.

3.2. DNA-binding studies

3.2.1. Electronic absorption titration. The binding strength of metallointercalators to
DNA is expected to depend on the size and electron density of interacting aromatic
rings as well as the combined effect of hydrophobic and hydrophilic interactions [31].
Flatness of the coordinated aromatic rings of the intercalating ligand and additional
stabilization by the cooperativity between stacking, hydrogen—bonding, and electro-
static interactions will also affect the DNA-binding affinity.

The electronic absorption spectra of 1 and 2 in the absence and presence of CT-DNA
are shown in figure 2. Significant hypochromism but trivial bathochromism were
observed for both complexes at 250-290 nm, which is attributed to w—n*. The
hypochromicity and bathochromic shift are 38.3% and 4nm for 1 and 21.6% and
0.5nm for 2, respectively. According to previous results [32], we believe that 1 and 2
most likely bind with DNA through a stacking interaction between the aromatic
chromophore of the ligands and the base pairs of DNA.

In order to further elucidate the binding strength of these complexes with DNA, the
intrinsic binding constant K, was calculated by monitoring the changes of absorbance
in the ligand-transfer bands with the increasing amounts of CT-DNA. The intrinsic
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Figure 2. Absorption spectra in Tris-HCI buffer upon increasing the amounts of CT-DNA in the presence of
1 (a) and 2 (b). [V]=20 pM. Arrow shows the absorbance changing with increase of DNA concentration.
Inset: plots of [DNA]/(e, — &p) vs. [DNA] for titration of oxovanadium complexes with CT-DNA.

binding constant K, obtained for 1 and 2 were 3.2 x 10* and 2.7 x 10*, respectively,
implying that both complexes strongly interact with DNA. Compared with 1, complex 2
exhibits lower binding strength to double-helical DNA, due to two bromides on the
3- and 5-positions of the aromatic chromophore of salicylaldehyde thiosemicarbazone.
Because of their electron-withdrawing effects, the electron density of the aromatic
chromophore of thiosemicarbazone which may intercalate into base pairs of CT-DNA
in 2 will be altered, changing the stacking interaction between the aromatic
chromophore of 2 and the base pairs of DNA and, concomitantly, the intrinsic
binding constants Kj. This indicates that the electronic effects of the substituents
introduced on the aromatic chromophore of the ligands may affect the binding affinity
of a complex to DNA.

3.2.2. Fluorescence spectroscopic studies. The emission spectra of 1 and 2 in the
absence and presence of CT-DNA are shown in figure 3; fixed amounts (20 pmol L")
of 1 and 2 were titrated with increasing amounts of CT-DNA. In the absence and
presence of CT-DNA, 1 and 2 exhibit luminescence in Tris buffer, with a maxima
appearing at 446 and 465 nm, respectively. Upon addition of CT-DNA, the emission
intensities for 1 and 2 grow to around 0.21 and 0.15 times larger than that of 1 and 2 in
the absence of CT-DNA and saturates at a [DNA]/[V] ratio of 20: 1. This implies that
both complexes intercalate into the base pairs of DNA and are protected by DNA
efficiently, since the hydrophobic environment provided by DNA can protect them
from the accessibility of water and thus prolong the luminescence, increasing the
emission intensity [33]. In addition, 1 interacts with DNA more strongly than 2,
consistent with the absorption spectra results.

3.2.3. Viscosity measurements. To further explore the binding of 1 and 2 to CT-DNA,
viscosity measurements were carried out on CT-DNA by changing the concentration of
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Figure 3. Emission spectra of 1 (a) and 2 (b) in Tris-HCI buffer in the absence and presence of CT-DNA.
[V]=20umol L™'. Arrows show the intensity changes upon increase of DNA concentration. A= 341 and
350 nm for 1 and 2, respectively.

the complex. In the absence of X-ray structural data, viscosity measurements are
arguably the most critical test of intercalation and provide the most definitive means of
inferring the binding mode of DNA in solution [34-36]. Intercalation results in
lengthening the DNA helix as the base pairs are pushed apart to accommodate the
bound ligand, leading to an increase in DNA viscosity. In contrast, a partial, non-
classical intercalation of the ligand could bend (or kink) the DNA helix reducing its
effective length and, concomitantly, its viscosity. In addition, the viscosity of DNA will
not change when outside binding or groove-binding appears [37, 38]. The effects of 1
and 2 on the viscosity of CT-DNA are shown in figure 4; upon increasing the amounts
of 1 and 2, the relative viscosity of DNA increases steadily, supporting the conclusion
that 1 and 2 interact with CT-DNA by intercalation.

3.2.4. Thermal denaturation studies. Melting of DNA can be used to distinguish
binding modes between molecules which bind via intercalation and those which bind
externally. Thermal behaviors of DNA in the presence of compounds can give insight
into their conformational changes when the temperature is raised and offer information
about the extent of interaction of the compounds with DNA. As the temperature in the
solution is increased, the double-stranded DNA will gradually dissociate to single
strands and generate a hyperchromic effect on absorption spectra of DNA bases. The
melting temperature 7,,, which is defined as the temperature where half of the total base
pairs are unbound, is determined from the thermal denaturation curves of DNA by
monitoring the changes of absorption spectra of DNA bases (A =260 nm). Intercalative
binding occurs when T, is considerably increased [39].

The melting curves of CT-DNA in the absence and presence of 1 and 2 are illustrated
in figure 5. Ty, of CT-DNA alone is 67.1+0.2°C and T,, of 1 and 2 observed are
75.0£0.2°C and 70.2 +£0.2°C, respectively. The large increase of Ty, (AT, =7.9°C) in
the presence of 1 and moderate increases of T, (AT, =3.1°C) in the presence of 2 are
comparable to that observed for classical intercalators, giving support to their binding
with DNA by intercalation [40-43]. In addition, compared with 2, complex 1 possesses
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Figure 4. Effects of increasing concentration of 1 (l) and 2 (A) on the relative viscosity of CT-DNA at
28 +£0.1°C. [DNA]=0.2mmol L™".

a larger ATy, indicating that 1 exhibits larger binding strength when interacting with
DNA, in conformity with that obtained from electronic absorption titration.

3.2.5. CD studies. CD spectra play an important role in the study of the interaction
between complexes and DNA as CD spectra are very sensitive to the binding modes of
small molecules to DNA. Figure 6 shows CD spectra of 1 (a) and 2 (b) in the absence
and in the presence of CT-DNA. A transparent conservative bisignal CD band can be
observed for both complexes. Both 1 and 2 exhibit a negative peak centered at 246 nm
and a positive peak at 275nm, which results from interaction between the transition
moments of the complexes and chirally arranged DNA base transitions [43-45].
A vanadyl-enrofloxacin complex, VO(erx),(H,0), exhibits a positive peak appearing at
274 nm and a negative peak appearing at 246 nm [46]. The CD spectra of 1 and 2 are
consistent with the previous report.

4. Conclusion

Oxovanadium complexes [VO(satsc)(phen)] (1) (satsc =salicylaldehyde thiosemicarba-
zone, phen=phenanthroline) and [VO(3,5-dibrsatsc)(phen)] (2) (3,5-dibrsatsc =23,
S-dibromosalicylaldehyde thiosemicarbazone) have been synthesized and characterized.
The DNA-binding behaviors of these complexes with CT-DNA were investigated using
UV-Vis absorption titration, fluorescence spectra, viscosity measurements, thermal
denaturation, and CD. The experimental results show that 1 and 2 bind to CT-DNA by
intercalation and 1 exhibits stronger binding affinity to CT-DNA than 2.



1238 J.-Z. Lu et al.

1.0 _g-8-
= e
i

0.8 4
g A
c A .
3 4 /
5 064 LAV
s e

A
® K P
2 04 vl s »
N A A
g /'j‘/‘ /'
c /
20 02 //‘/‘ ./'
i
7 ./.
004 8Z0-0-0-0*
T T T | T g J |
50 60 70 80 90

Temperature (C)

Figure 5. Thermal denaturation of CT-DNA in the absence (M) and presence of 1 (o) and 2 (A),
[V1=20 umol L', [DNA]= 100 pmol L™".

(@® (b)

Eillipticity (m?°)
=

Eillipticity (me)

Downloaded by [Renmin University of China] at 10:32 13 October 2013

T T
300 400
Wavelength (nm)

T
500 300

T
400 500

Wavelength (nm)

Figure 6. Induced CD spectra of 1 (a) and 2 (b) in the absence (---) and presence (—) of CT-DNA,
[V]=10pumol L~!, [DNA]= 130 umol L™'. Spectra were recorded at 25°C after samples had been incubated
with CT DNA for 24 h at 37°C.
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