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The interaction of HE-Eu(IIl) complex (HE=hematoxylin) with Herring-sperm DNA
(hsDNA) has been studied by absorption spectra, fluorescence, and viscosity measurements
in physiological buffer (pH =7.40). The binding constant of HE-Eu(III) complex to hsDNA
was obtained by double reciprocal method at 298 and 310K and the corresponding
thermodynamic ~ parameters (A Hm® =8.55x 10*JTmol™', A,Gm® =-3.01 x 10*Jmol ",
ASm® =387.95Tmol 'K™!) were calculated, showing that the interaction between
HE-Eu(III) complex and hsDNA was driven mainly by entropy. The value of K indicated
that the binding mode of HE-Eu(III) complex with DNA was not classical intercalation. These
results were further supported by viscosity method and competitive binding experiment.
Scatchard analysis suggests that the interaction mode was a mixed binding, which contains
partial intercalation and groove binding.
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1. Introduction

Numerous experiments have demonstrated that DNA is the primary intracellular target
of anticancer drugs due to the interaction between small molecules and DNA, which
damages cancer cell’s DNA, blocking the division of cancer cells and resulting in cell
death. The interaction of DNA with other molecules is an important fundamental issue
for life sciences [1-5]. Rare earth metals have strong affinity with cancer cell and can
interfere with the metabolism of cancer cells. Bio-pharmacological functions of rare
earth complexes have been extensively studied, which gave valuable information about
DNA structural properties, gene mutation, nature of different diseases, action
mechanisms of some antitumor drugs, new probes, and labels for analysis of nucleic
acids [6-8].

Flavonoids have a variety of biological effects in mammalian cell systems and have
been reported to have important medical functions such as antiviral, anti-allergic,
anti-platelet, anti-inflammatory, and anti-tumor activities, and possibly even protective
effects against chronic diseases [2]. Hematoxylin is a derivative of catechol, which is one
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of the most bioactive flavonoids [9]. Studies in the past few years indicate that
hematoxylin has remarkable inhibitory action to stomach cancer [10, 11]. The
interaction of rare earth metal complexes with DNA has attracted attention, because
rare earth metals have more physiological activities and lower toxicities after
coordination [7]. In this article, we synthesize and characterize the HE-Eu(III)
complex. DNA binding of the complex was investigated by electronic absorption
spectroscopy, fluorescence spectroscopy, and viscosity measurements. Experimental
evidence indicates that the complex can strongly bind to Herring-sperm DNA (hsDNA)
through partial intercalation and groove binding mode. Information obtained from
these studies provides insight into the mechanism of interactions of rare earth
complexes with DNA and will also be helpful in developing new antioxidants.

2. Materials and methods

2.1. Materials

hsDNA was purchased from Sigma Biological Co. and used as received. All samples
were dissolved in Tris-HCI buffer. HE (figure 1) was purchased from Sichuan Chengdu
China Kelong chemical plant (A.R.). Eu,O5; was purchased from Beifang Fangzheng
rare metal lab company (99.99%) and dissolved in dense HCI, then HCI was vaporized
slowly to get EuCl; solution in different concentrations. Acridine orange (AO) was
purchased from Shanghai-China medicine chemical plant (A.R.). Other reagents were
at least of analytical grade and used without purification.

2.2. Instruments

Absorption spectra were recorded on a UV-3150 spectrophotometer made by Japan
Shimadzu. Fluorescence spectra were recorded on a FL-4500 spectrofluorophotometer
made by Japan Hitachi. Infrared spectra were recorded on a Spectrum One
spectrometer made by PE Instrument Co. USA. X-ray diffraction was conducted on
an X'Pert PRO diffractometer made by PAN-alytical B.V. at a voltage of 45kV and a
current of 50 mA. The sample was analyzed in the 20 angle range 3-90° and the process
parameters were set as: scan step size of 0.02°, scan step time of 1.54s. HPLC/MS was
conducted on a Varian 1200LC/MC. The pH was recorded on a pHS-2C acidometer
(made in China). In fluorescence mode, both excitation and emission bandwidths were

OH
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Figure 1. Structure of hematoxylin.
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set at Snm, A, =441 nm. All spectroscopic work was carried out at pH 7.40 maintained
by a Tris-HCI buffer.

2.3. Preparation of the complex

The complex was prepared by adding stoichiometric europium chloride solution into
HE solution dropwise; the resulting solution was refluxed for 6h at 353 K. Kept
stationary at room temperature, aubergine crystals were obtained, washed with ethanol,
and dried in a desiccator. Infrared spectra of free hematoxylin in KBr pellets showed
stretching vibration band at 1234cm™' (veo). Upon binding to Eu(III), the complex
exhibits a band at 1207cm ™" (vco), which indicates the coordination of Eu(IlI) to the
oxygen of hydroxy. This was supported by the appearance of a new medium intensity
band at 470-500cm ' assigned to (M—O) vibration. Elemental analysis: observed C
45.14, H 3.69; calcd C 46.52, H 3.63 for [Eu(HE), - 2H,0 - Cl]. The complex belongs to
the monoclinic crystal system, unit cell parameters are a=14.443 A, b=24.575 A,
¢c=19.077A, a=90°, B=98.23°, y=90°, and the complex is shown in figure 2. The
mass spectrum of HE-Eu(I11) complex shows peaks at m/z of 773 and 791, which can be
assigned to fragments [Eu(HE), - H,O]" and [Eu(HE), - 2H,O]*, respectively.

2.4. Spectral measurements

Spectral measurements were performed by the spectrophotometric titration method.
Each injection is 10 uL so the volume change was so small that could be ignored; Tris-
HCI buffer solution worked as the reference solution. All solutions were shaken
thoroughly and allowed to equilibrate for 10 min before spectral measurements were
made at room temperature.

Scatchard method was conducted as follows: DNA was incubated with different R,
(R =[HE-Eu(IIl) complex]/[DNA], R,=0.00, 0.50, 1.00, and 1.50, respectively) of
HE-Eu(III) complex for 10 min, then the samples were titrated by AO solution and the
fluorescence intensity was measured.

Hydroxyl radical scavenging activity of HE-Eu(III) was performed by the literature
method [12], with some modifications. The reaction mixture of 10 mL contained 0.5 mL
of 9mmolL™" FeSO4, 2mL HE-Eu(Ill) complex solution, 0.5mL of 9mmol L™
salicylic acid alcohol solution, 6.5mL distilled water, and 0.5MI of 8.8 mmol L!
hydrogen peroxide; after incubation for 1h at 37°C, the absorbance of reaction system
(A4;) was measured at 510nm. The scavenging activity of hydroxyl radical was
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Figure 2. The possible structure of the HE-Eu(III) complex.
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calculated as follows: [1 — (4| — A,)/A4g] x 100%, where A, is the absorbance of the
control (distilled water instead of the complex) and A, is the absorbance of the control
(distilled water instead of FeSQOy).

2.5. Viscosity measurements

Viscosity measurements were performed using a viscometer, which was immersed in a
thermostated water-bath at room temperature. Different amounts of HE-Eu complex
were added into the viscometer, while keeping the DNA concentration constant. The
flow times were above 200 s, and each point measured was the average of at least three
readings. The data were presented as n/ng versus [HE-Eu(I1T) complex], where 1 and 1,
are the viscosity of DNA in the presence and absence of the complex, respectively.

3. Results and discussion

3.1. Absorption spectra of interaction between HE and Eu(1Il)

The complexes show absorbance due to metal-to-ligand charge transfer. Absorption
spectra of HE at physiological pH in the absence and presence of different amounts of
Eu(III) are shown in figure 3; when Eu(IIl) was added to a solution of HE, one broad
peak at 600 nm appeared while the intensity of the ligand peak at 208 nm decreased;
there was one isosbestic point at 225nm. These phenomena were indicative of the
interaction between Eu(IIl) and HE [13]. HE exhibited an absorption at 289 nm,
attributed to the n—7* of the heteroatom oxygen, the absorption increased and blue
shifted to 288 nm with the addition of Eu(Ill), implying that coordination takes place
between Eu(IIl) and oxygen. In order to determine the stoichiometry of the europium
complex in solution, a mole-ratio study was performed at 600 nm. In the mole-ratio

‘ = 010
0.6

0.05
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Figure 3. Absorption spectra of HE in different concentrations of Eu(IIl); [HE]=2.00 x 10 >mol L™,
[Eu]=3.00 x 10~*mol L™! (10 pL per scan). Inset: mole-ratio plots of HE-Eu(III).
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plots, two lines were obtained (inset in figure 3); the intersection suggested that the
stoichiometry of the complex in solution for metal to ligand was 1:2.

3.2. Spectroscopic study of the interaction between HE-Eu(IIl) complex and DNA

Electronic absorption spectroscopy is one of the most useful techniques to investigate
the interaction of complexes with DNA. The absorption intensity of the complexes was
observed from 200 to 800nm (figure 4). With increasing concentration of hsDNA
solution, the intensity of the metal-to-ligand charge transfer band (at 600 nm) started
increasing. In general, hypochromism and red shift are associated with the classical
intercalative binding of the complex to the helix, due to strong stacking interactions
between the aromatic chromophore of the complex and the base pairs of DNA [14], but
it was not observed in the absorption spectra, indicating that the binding mode of
HE-Eu(IIl) complex with DNA was not classical intercalation. Upon addition of
hsDNA, absorption bands at 209 and 600 nm showed hyperchromism, accompanied by
red shift at 209 nm (from 209 to 213 nm). These results may be due to the dissociation of
ligand aggregates or external contact (surface binding) with the double helix, the small
change in A, Was more in keeping with groove binding, leading to small perturbations
[15, 16]. Deprotonation on phenol of HE was favorable in solution, and negative ion of
phenol could interact with the major or minor grooves of hsDNA through hydrogen
bonds, and the 7—n* orbital of the bound ligand could couple with the 7 orbital of the
base pairs, decreasing m—n* transition energy, which results in bathochromic shift.
From the mole-ratio plots (inset in figure 4), the stoichiometry of the complex in
solution for DNA to HE-Eu(IIl) complex was about 1:5.

Fluorescence spectra of HE-Eu(III) complex (figure 5) increase in intensity when the
DNA solution is added, implying that HE-Eu(III) complex binds to DNA. It may be
due to the increase in the molecular planarity of the complex and decrease in the
collision frequency of solvent with the complex, caused by the planar aromatic group of
the complex stacking between adjacent base pairs of DNA [7].

z / 7
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Figure 4. Absorption spectra of HE-Eu(III) complex in different concentrations of DNA; [HE-Eu(III)
complex]=1.00 x 10> mol L™", [DNA]=6.00 x 10> molL™" (10pL per scan). Inset: mole-ratio plots of
HE-Eu(II)-DNA.
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Figure 5. Emission spectra of HE-Eu(IlI) complex in different concentrations of DNA; [HE-Eu(III)
complex]=1.00 x 10> mol L™, [DNA]=6.00 x 10 >mol L™" (10 uL per scan).

3.3. Double reciprocal method and thermodynamics studies

The intrinsic binding constant K was determined to estimate the magnitude of the
binding strength of HE-Eu(III) complex with DNA. The intrinsic binding constant can
be obtained by monitoring the changes in the absorbance at A,,,=600nm with
increasing concentrations of DNA, given by the ratio of the slope to the y intercept in
plots 1/(4y— A) versus 1/[DNA] (figure 6), according to the following equation [17, 18]:

1/(Ag — A) = 1/ 4y + 1/(K x Ay x [DNA]),

where A4, is the absorbance of HE-Eu(IIl) complex in the absence of DNA, A is the
absorbance of HE-Eu(IIT) complex in the presence of DNA, K is the binding constant
between HE-Eu(IIT) complex and hsDNA, and [DNA] is the concentration of DNA.
According to the above equation, K values at two temperatures (298 and 310 K):
KSgc = 1.90 x 10°Lmol ™", K5, =7.21 x 10° Lmol ™" are obtained. K values are lower
than those observed for classical intercalators, indicating that DNA bonding has an
affinity less than classical intercalators [19].

Thermodynamic parameters dependent on temperatures were analyzed to further
characterize the interaction between HE-Eu(IIl) complex and DNA. If the enthalpy
change (A,Hm®) does not vary significantly over the temperature range studied, then its
value and that of entropy change (A,.Sm®) can be determined from the van’t Hoff
equation:

log K® = —A,Hm®/(2.303RT) + A,Sm®/(2.303R),

where K and R are the binding and gas constants, respectively. Then,
AHmM® =8.55x 10*Tmol™! and A,Sm®=387.95Jmol™! were deduced. The free
energy change (A,Gm®) of —3.01 x 10*Jmol ™" at 298 K was deduced.
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Figure 6. Double reciprocal plots of HE-Fe(I1I)-DNA; [HE-Eu(I1I) complex] =1.00 x 10> mol L.

The negative value A.Gm® revealed that the interaction was spontaneous, both
positive A,LHm® and A,Sm® values indicated that the entropy was favorable for the
interaction of HE-Eu(IIl) complex with DNA, namely the process was driven mainly
by entropy.

3.4. Competitive binding experiments using AO as probe

Although DNA has natural fluorescence, the intensity is so weak that the direct use of
the fluorescence emission of DNA is limited. AO was selected as a fluorescence probe
because of its known spectral and self-aggregation characteristics, and it is widely used
as a fluorescence chromophore marker for DNA; AQO’s fluorescence is strongly
enhanced when intercalated into DNA base pairs [20]. If HE-Eu(III) complex and AO
have the same binding mode with hsDNA, HE-Eu(IIl) complex could compete with
AO for intercalation into hsDNA, and the fluorescence could be quenched by the
addition of HE-Eu(IIl). Emission intensities of DNA-AO system were measured
(figure 7). There are two quenching processes, static and dynamic. Fluorescence
quenching can be dynamic, resulting from the collisional encounters between the
fluorophore and quencher, or static, resulting from the formation of a ground-state
complex between the fluorophore and quencher [21]. The Stern—Volmer constant Kgy is
often used to evaluate the quenching efficiency for a compound; it is given by the
equation [22]:

Fy/F =1+ Kgy[complex] = 1 + Kyto[complex],
where F, and F are the emission intensities in the absence and the presence of the
complex, respectively, K, is the DNA-AO quenching rate constant, 7, is the average

lifetime of DNA—-AO in the absence of the complex and its value is 107" to 107" s [22],
[complex] is the complex concentration, and Kgy is the quenching constant and equals
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Figure 7. Emission spectra of DNA-AO admixture in different concentrations of HE-Eu(III) complex;
[DNA-AO] = 1.00 x 10~ mol L™"; [HE-Eu(III) complex]=1.00 x 10> mol L~! (10 uL per scan).

Downloaded by [Renmin University of China] at 10:25 13 October 2013

1.50
1.354
e
& ad
A
~ 1.20- e
9 s
_.A"'-
4"’17.
e
1054 o
-
090 T T T T T T T
00 05 10 15 20 25 30 35

[HE-Eu complex](10 'mol L™

Figure 8. The Stern—Volmer plots for the quenching of DNA-AO by HE-Eu(III) complex.

K, multiplied by 7. Both static and dynamic quenching are in agreement with a linear
Stern—Volmer equation. Based on the Stern—Volmer equation (figure 8), K, can be
obtained: Kq=9.13 x 10 Ls "mol~". For the HE-Eu(IlI) complex, the values of
K, are much greater than 2.0 x 10"°Ls 'mol™!, the maximum diffusion collision
quenching rate constant of various quenchers with biopolymers [23]. The experimental
results demonstrate that the quenching process was static quenching; HE-Eu(III)
complex can compete with AO for intercalation into hsDNA.
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Figure 9. Influence on DNA viscosity with different concentrations of HE-Eu(III) complex.
[DNA]=1.00 x 10~>mol L.

3.5. Viscosity method

Hydrodynamic measurement such as viscosity is the least ambiguous and the most
critical test of binding mode in solution in the absence of crystallographic structural
data. A classical intercalation model often causes lengthening of the DNA helix, while
in the groove binding or electrostatic mode, the length of the helix is unchanged with no
apparent alteration in DNA viscosity. Partial and non-classical intercalation could bend
(or kink) the DNA helix, thereby reducing its viscosity [24]. As illustrated in figure 9, as
the amounts of HE-Eu(IIl) complex increased, the viscosity of DNA decreased
steadily, suggesting that the complex is partially inserted into the DNA base pairs
resulting in a bend or kink in the DNA helix. Combined with the above result and
competitive binding experiments, there exists partial intercalation binding between
HE-Eu(III) complex and DNA.

3.6. Scatchard analysis

In order to further understand the mechanisms of DNA-drug interaction, we
conducted a Scatchard analysis. The characteristics of binding of AO to DNA can be
expressed by the Scatchard equation [25, 26]:

ra0/[AO] = K(n — rao0),

where rpo is the proportion of bound AO per nucleic acid phosphate, [AO] is the
concentration of free AO, n is the number of binding sites per nucleic acid phosphate,
and K is the intrinsic association constant to a site.

The Scatchard plots were obtained by using rao/[AO] as a function of r5¢ (figure 10).
It indicates an intercalation binding mode if the values of n were equal at different R,
but not intercalation if the values of K were equal. A mixture of binding mode is



Downloaded by [Renmin University of China] at 10:25 13 October 2013

2800 J. Huang et al.

0.025

0.020
0.015 4
0.010

]
0.005 - \\'\‘
4 b a

0.000

r/[AO](10°mol L")

-0.005 +—————————————————
0.040 0.045 0.050 0.055 0.060 0065 0070 0.075 0.080
r

Figure 10. Scatchard plots of HE-Eu(Ill)>-DNA in different concentrations of AO. [DNA]=
2.00 x 107" mol L™"; [AO]=6.00 x 10"*molL~" (10pL per scan); R,=[HE-Eu(Ill) complex]/[DNA]; (a)
R =0.00; (b) R,=0.50; (c) R,=1.00; (d) R,=1.50.

Table 1. Data of Scatchard equation of the interaction between HE-Eu(III) complex and DNA.

Curve CHE-Eu(I1) complex/CDNA Scatchard equation K (Lmol™") n

a 0.00 8.59 x 10°-1.04 x 10%x 5.99 x 107 0.083
b 0.50 3.43 x 10°-5.03 x 107x 3.37 x 107 0.068
c 1.00 3.29 x 10°-4.96 x 107x 3.25x 107 0.066
d 1.50 2.98x10%-5.18 x 107x 3.69 x 107 0.058

indicated if both the values of n and K were changed [26, 27]. According to the
Scatchard equation, the values of n and K are listed in table 1. Comparing the Scatchard
plot of R,=0.00 with R =0.50, we found that both K and n values have changed,
showing that the binding of complex and AO on DNA were not exactly the same and a
mixed interaction at R,=0.50. Upon increasing the value of R, the n value in the
Scatchard plot decreases but the K value remains almost unchanged, suggesting that at
high values of R;, HE-Eu(IlI) complex groove binds to DNA.

3.7. The influence of basic group to the HE-Eu(IIl) complex system

In order to further confirm the interaction between HE-Eu(I1l) complex and DNA, we
studied the influence of the basic group to the complex system. There are two
possibilities if the absorption spectrum of complex changes by adding base: first,
HE-Eu(III) complex could affect the base pair of DNA through the major or minor
groove of DNA, because in the major and minor grooves, bases are exposed to solvent
and the complex can interact with the basic group directly. Second, complex can have a
J—J1 interaction and hydrophobic interaction with the J1 system of base pair, which
means intercalation. Figure 11 shows the influence of bases to the complex system; the
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Figure 11. Emission spectra of HE-Eu(Ill) complex in different concentrations of the basic group
[HE-Eu(IIl) complex]=1.00x 107> molL™"; [A]=5.00 x 10>molL™" (10uL per scan); [T]=35.00x
103 mol L' (10pL per scan); [G]=5.00 x 10~>mol L' (10 uL per scan); and [C]=5.00 x 10> mol L™!
(10 uL per scan).

emission spectrum of complex increased steadily with increasing amounts of A, T, C,
and G, respectively, suggesting no selectivity in the interaction. Combined with the
competitive binding study and the Scatchard method, the results identify that the
interaction between HE-Eu(III) complex and DNA is partially intercalation binding
and groove binding.

3.8. Studies on hydroxyl radical scavenging ability

*OH was generated by Fenton’s reaction and trapped with salicylic acid. The *OH
scavenging activity of HE-Eu(IIT) complex was assessed by its ability to compete with
salicylic acid for *OH radicals. In this study, the hydroxyl radical-scavenging effect of
the HE-Eu(I1I) complex (figure 12), in a concentration of 6.0 x 10> mol L' was found
to be 45.8% and in a concentration of 8.0 x 107> mol L™! was 60.3%. The ICs, value
was 6.6 x 107 x 10> mol L™". Hence, the HE-Eu(III) complex can be considered as a
good scavenger of hydroxyl radicals.
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Figure 12. Hydroxy radical scavenging activity of HE-Eu(III) complex.

4. Conclusion

Interaction between HE-Eu(IIl) complex and hsDNA has been studied in Tris-HCI
buffer of pH=7.40 by spectral analysis and viscosity. The binding constants of
HE-Eu(III) complex to DNA were KSg = 1.90 x 10°Lmol ™" and K5, =7.21 x 10°
Lmol™" in an entropy-driven reaction. The present findings demonstrate that the
interaction between HE-Eu(III) complex and hsDNA was partial intercalation binding
and groove binding. The rigid plane of the complex partially intercalates into DNA
base pairs, resulting in a kink in the DNA helix; because the phenolic hydroxyls of HE
were prone to deprotonation, they could interact with the major or minor grooves of
hsDNA through hydrogen bonds. The title complex was found to be a good scavenger
of hydroxyl radicals. The results strongly support HE-Eu(III) complex having an
important theoretical and practical value for the mechanism of drugs and drug design.
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