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The interaction mechanism of temozolomide with DNA was studied by UV-VIS absorption spectroscopy, fluorescence emission
spectroscopy, circular dichromic absorption spectroscopy and agarose gel electrophoresis method. The results of spectral analyses suggest
moderate intercalative binding ability of temozolomide with ct-DNA, but without considerable exterior electrostatic interaction between
temozolomide and ct-DNA. While the result of gel electrophoretic mobility shift assay on pUC19 DNA suggests covalent binding mode

was concluded.
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INTRODUCTION

Deoxyribonucleic acid is the primary intracellular target
of many anticancer drugs for their pharmaceutical activity.
Studies on the interaction between DNA and small molecular
drugs will help to provide molecule-level evidences for their
anticancer mechanism and structure-activity relationship
(SAR). Based on molecular and electronic spectroscopic
analyses, the interactional mechanism between small mole-
cules and biomacromolecules such as DNA can be deduced
and discussed'”.

Temozolomide (TMZ) is a kind of new alkylating agent
for anticancer chemotherapy (Scheme-I). It was firstly synthe-
sized in UK and then distributed by Schering-Plough (USA).
Temozolomide was finally authorized for clinical application
in Europe at 1998 and followed in USA since 1999 under
certification by FDA, with trade name as Temodal. Temozolomide
mainly exhibits significant curative effect on glioblastoma
multiform and it is also therapeutic on melanoma, leukemia
and other solid tumors™. And the crystal structure of temozolomide
has also been characterized by P.R. Lowe, et al.>. However,
molecular level studies on the interaction between temozolomide
and DNA by spectroscopic methods has not been emphasized®.
In our present work, the binding properties of temozolomide
with DNA was studied by UV-VIS absorption spectroscopy,
fluorescence emission spectroscopy, circular dichroism as well as
agorose gel electrophoresis, which provided important proofs
for detailed understanding the anticancer property of temozolomide.

Scheme-I: Chemical structure of temozolomide

EXPERIMENTAL

Temozolomide was commercially available with purity
of 98 % and used as received without further purification. Calf
thymus DNA (ct-DNA) and sodium dodecyl sulfonate (SDS)
were purchased from Sigma-Aldrich. Ct-DNA gave a UV
absorbance ratio at 260 nm to 280 nm of ca. 1.85:1, indicating
that the DNA was effectively free of protein’. The DNA
concentration per nucleotide was determined spectrophoto-
metrically by employing a molar absorption coefficient (6600
M-1 cm™) at 260 nm®. The stock solution of pUC19 plasmid
DNA (250 pg/mL) was purchased from Takara Biotech. Tris-
NaCl buffer solution, TBS, (5 mM Tris, 50 mM NaCl, pH
adjusted to 7.35 by titration with hydrochloric acid using a
Sartorius PB-10 pH meter) was prepared using double
distilled water. The TBE buffer (1 x) and DNA loading buffer
(6 x) were commercially available. ESI-MS for the stability
studies on temozolomide was recorded on a Bruker HCT
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electrospray ionization mass spectrometer. UV-VIS absorption
titration was performed on a PerkinElmer Lambda45 UV-
visible spectrophotometer. Fluorescence emission titration was
performed on a Shimadzu RF-5301/PC spectrofluorophoto-
meter. The circular dichroism spectra of DNA were obtained
by using aJASCO J-810 automatic recording spectropolarimeter.
All spectroscopic analyses were operated at 25 °C.

ct-DNA stock solution of 2x10* M was prepared by TBS
and stored at 4 °C for no more than 5 days before use.
Temozolomide aqueous solution of 2 x 10° M was freshly
prepared in double-distilled water before use and stored as
stock solution within 24 h. The stability of temozolomide in
aqueous solution was determined by ESI-MS, which showed
temozolomide molecule is the predominant species in solution
in 24 h (m/z: 216.95, [TMZ+Na]").

In UV-Vis spectral analysis, the working solution of
temozolomide was set as 1 x 10* M. Ct-DNA or sodium
dodecyl sulfonate stock solution was separately added with
increasing concentrations. After each addition, the solution
was allowed to incubate for 10 min before the absorption
spectra were recorded. The intrinsic binding constant K, was
determined by the following equation:’

[DNA]/(ea _ef): [DNA]/(Sb _ef)+ I/Kb(eb _Sf) (1

where, [DNA] is the concentration of the DNA based on
nucleotide, €, is the apparent absorption coefficient (€, = Agpsa/
[compound]), €; and €&, are the extinction coefficients for the
free compound and the compound fully bound to DNA. The
intrinsic binding comstant, K, of temozolomide are derived
from the ratio of the slope to the Y intercept by linear fitting of
[DNA]/(e.-€¢) with [DNA] from the above equation. A solution
containing 10* M DNA and 10° M ethidium bromide (EB)
([DNAJ/[EB]=10:1) was set for EB-DNA competitive binding
studies. The quenching constant of temozolomide was deter-
mined by the classic Stern-Volmer equation'®:

I,/1=1+K x[Q] 2)

where, ) and I are the peak emission intensity of the EB-DNA
system in the absence and presence of the quencher, [Q] is the
concentration of each quencher compound and K, is the Stern-
Volmer quenching constant, which is obtained by the linear
fit of plotting Iy/I versus [Q] and determines the efficiency of
the quencher. In the circular dichroism absorption spectral
analysis, DNA working solutions of 2 x 10 M in the absence
and presence of temozolomide with [DNA]/[TMZ] ratios 1:0.2
and 1:1 were scanned, respectively. The circular dichroism
spectrum was recorded in the region of 200-400 nm under
100 nm/min scan rate and the circular dichroism signals of
TBS were subtracted as the background. All the spectroscopic
experiments were kept at 25 °C. In agarose gel electrophoresis
experiment, every 0.5 ug pUC19 DNA were reacted with
temozolomide of a series of concentrations and fixed up to a
total 25 uLL by 1 x TBE buffer, so that the same experiment
can be repeated twice. All samples were incubated at 37 °C in
dark for 2 h. Then 12 uL of each sample mixed with 2 uL. DNA
loading buffer was electrophoresed through 0.8 % agarose gel
for 60 min under 5 V/cm electric field. The gel was stained
with EB (1.2 mM) in dark for 0.5 h and then visualized on a
BIO-RAD imaging system with a UV-VIS transilluminator.

RESULTS AND DISCUSSION

DNA contains the genetic information responsible for
transformation and expression, plays an important role in
biological systems. Conformational changes of DNA will
directly affect the genetic expression, which is closely related
to carcinogenesis and anticarcinogenesis''. Interactions
between small molecular drugs and DNA, including covalently
binding mode and non-covalently binding mode (such as
intercalation, groove binding, electrostatic attraction, efc.),
always rank among the primary action mechanisms of
antitumour activity'”. To investigate the binding properties of
temozolomide with DNA, spectroscopic studies including
UV-VIS, fluorescence and circular dichroism spectral analyses
as well as gel electrophoretic mobility shift assay were carried
out.

UV-Vis absorption spectral analysis: It is well docu-
mented that hypochromicity along with bathochromicity on
UV-Vis spectrum of aromatic planar molecules is charac-
teristic of intercalative binding mode, due to 7T-7 stacking from
the aromatic planar structure and the neighboring base pairs
of DNA". Considering the planar character of heterocyclic
temozolomide, intercalative binding mode of temozolomide
with DNA should be proposed. So the UV-Vis absorption
spectrum of temozolomide was primarily adopted to discuss
the binding mode of temozolomide to ct-DNA.

The UV-Vis absorption spectra of temozolomide in the
absence and presence of ct-DNA are shown in Fig. 1. In the
absence of DNA, temozolomide showed characteristic absor-
ption peaks at ca. 329 nm, which is ascribed to the T—7"
electronic transition of the heterocyclic conjugated system of
temozolomide. The addition of ct-DNA with increasing
[DNA]/[temozolomide] ratios range from 0.2 : 1 to 1.45 : 1,
the maximum absorbance at 329 nm decreased from 0.904 to
0.777 with 13.3 % hypochromicity, but without bathochro-
micity. It suggests the characteristic intercalative binding mode
of temozolomide to DNA, but the binding intensity is moderate'*.
For further quantitative comparison, the intrinsic binding
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Fig. 1. UV-VIS spectra of temozolomide in the absence (dashed line) and
in the presence (solid lines) of ct-DNA with increasing
concentrations ([temozolomide] = 1 x 10* M, [DNA]/[temo-
zolomide] ranges from 0.2 to 1.45)
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constant K, for temozolomide was also calculated according
to eqn. 1. The K, values for temozolomide is 4.64 x 10* M
(inset Fig. 1), which also suggests moderate intercalative
binding of temozolomide between the neighboring base pairs
of DNA double helix.

Although the intercalative binding mode of temozolomide
with ct-DNA is suggested, other binding modes of temozolomide
should not be excluded. In the reference experiment, sodium
dodecyl sulfate (SDS) was selected as probe for electrostatic
interaction. Sodium dodecyl sulfonate tends to form polyanionic
groups similar to DNA polyanionic phosphate backbone,
which is able to instead DNA for confirming electrostatic
interaction between temozolomide and DNA. Since sodium
dodecyl sulfonate has no UV-Vis absorbance in the absorption
band of temozolomide, it can avoid the perturbation from the
characteristic UV-Vis absorption of DNA'®. We found addition
of sodium dodecyl sulfonate to temozolomide solution (8 x
10° M) did not induce obvious spectral perturbation. With
increasing [SDS]/[TMZ] ratios by sodium dodecyl sulfonate
titration till up to 21:1, the maximum absorbance of
temozolomide at 329 nm slightly decreased from 0.702 to
0.648 with only 7.7 % hypochromicity. The weak hypochro-
micity should be mainly contributed to the dilution effect of
temozolomide solution by sodium dodecyl sulfonate addition,
which suggests that no considerable electrostatic interaction
between temozolomide and DNA.

Competitive binding studies by fluorescence spectro-
scopy: The binding abilities of temozolomide with ct-DNA
were further investigated by competitive binding with ethidium
bromide (EB) as an intercalative probe'®. In the competitive
binding experiments, the EB-DNA system with [EB]/[DNA]
=1:10 ([EB] =1 x 10° M, [DNA] = 1 x 10* M) showed the
characteristic strong emission at around 588 nm when excited
under 347 nm with maximum emission intensity Ip = 865.32
(slit width = 5 nm/10 nm), indicating that the intercalated
ethidium bromide molecules had been sufficiently protected
by the neighboring base pairs in the DNA from being quenched
by polar solvent molecules. When increasing the concentration
of temozolomide with [temozolomide]/[EB] ratios range from
1:1to 12.1:1, the characteristic emission of ethidium bromide
was significantly decreased down to I = 626.67 with 27.6 %
quenching ratio, as shown in Fig. 2, which indicates moderate
quenching ability of temozolomide on fluorescence emission
of EB the fluorescence emission of EB. Furthermore, the
quenching constants K, was also calculated by restricted linear
fitting of [I¢/I] to [Q] from the Stern-Volmer equation (eqn.
2). The calculated K, for temozolomide is 3.0 x 10°, which is
obviously lower than those of stronger intercalative agents
range in 10*-10°."” However, it further suggests that temozolomide
may compete with EB to bind DNA through intercalative binding
mode at the similar binding site of EB'®,

Circular dichroism spectral analysis: Circular dichroism
is a useful technique to assess whether nucleic acids undergo
conformational changes as a result of complex formation or
changes in environment'. The circular dichroism spectrum
of DNA is very sensitive to its conformational changes. It is
generally accepted that covalent binding and intercalative
binding can influence the tertiary structure of DNA and induce
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Fig. 2. Fluorescence spectra of EB-ctDNA system competitively bound

by temozolomide ([DNA] = 2.30 x 10° M, [EB] = 1.00 x 10° M,
[TMZ] = 0.00, 1.92, 3.70, 5.36, 6.90, 8.33, 9.68, 10.90, 12.10 x 10
> M, respectively corresponding to curves 0—8 with Ag, = 347 nm
and slit = 5 nm/10 nm)

changes in the circular dichroism spectra of DNA, whereas
other non-covalent binding modes such as electrostatic interaction
or groove binding does not cause significant perturbation®.
The circular dichroism spectra of ct-DNA in the absence
and presence of temozolomide was shown in Fig. 2. DNA alone
shows a positive absorption band at around 273 nm and a
negative absorption band at around 246 nm, corresponding to
the -7 stacking of the DNA base pairs and right-hand helicity,
respectively. As indicated from Fig. 3, with the addition of
temozolomide at [DNA]/[TMZ] =ratio of 1 : 0.2, no significant
change was observed. When the concentration of temozolomide
added increased up to the [DNA]/[TMZ] = ratio of 1:1, obvious
and moderate decreases on both positive and negative absor-
bance of circular dichroism spectrum of ct-DNA were found,
with 6.9 % positive absorbance decrease (273 nm) and 12.0
% negative absorbance decrease (246 nm), respectively. When
small molecules intercalated between the neighboring base
pairs of DNA, decrease on circular dichroism positive absor-
ption due to more intensive 7-7 stacking and decrease on its
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Fig. 3. Circular dichroism spectra of ct-DNA in the absence (solid curve) and
presence of temozolomide with [DNAJ/[TMZ] =1 : 0.2 (dashed curve)
and 1 : 1 (dot curve), respectively, in which [DNA] =2 x 10* M
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negative absorption due to loosening the DNA superhelix
which weakens the chiral character of DNA right-hand helicity
are usually observed”. So the intercalative binding mode of
temozolomide with ct-DNA can be further confirmed viewed
from the circular dichroism spectral analysis.

Agarose gel electrophoresis assay: The binding modes
of temozolomide to pUC19 plasmid DNA were further examined
by agarose gel electrophoresis assay. Natural-derived plasmid
DNA mainly presents a closed-circle supercoiled form (form
I), as well as linear form (form IIT) and nicked form (form IT)
as small fractions. It is generally accepted that when interacted
with small molecules, the conformation of plasmid DNA will
be changed corresponding to the binding modes. An interc-
alation mode to plasmid DNA can loosen the supercoiled form
DNA to decrease its electrophoretic migration rate, while
covalently binding mode to DNA tend to make it to adopt a
linear form and simple electrostatic interaction by small mole-
cules do not change the supercoiled form of plasmid DNA?.

As shown in Fig. 4, upon addition of temozolomide with
increasing concentrations range from 2 to 50 uM in the absence
of any external redox reagent or light, the conformational
changes of plasmid DNA can be reflected by gel electrophoresis
especially at higher temozolomide concentrations. At
temozolomide concentrations lower than 10 uM, no obvious
changes were observed. At 20 uM temozolomide, nicked form
(form IT) DNA decreased significantly, while at 50 uM, nicked
form disappear and linear form (form IIT) DNA formed. Since
the formation of linear form DNA can be ascribed to the
covalently binding of small molecules with DNA,
temozolomide covalently binding with plasmid DNA should
also be suggested™.

form 11
form II1

form I

1 2 3 4 5 6 7

Fig. 4. Agarose gel electrophoresis assay on pUC19 plasmid DNA bound
by temozolomide in various concentrations (lane 1: DNA alone;
lanes 2-6: DNA + TMZ of 2, 5, 10, 20, 50 uM, respectively; lane 7:
DNA + EB of 10 uM, EB was set for reference as intercalative
binding agent)

Conclusion

As a new developed anticancer drug, temozolomide has
been suggested as pro-drug to give a metabolite by non-enzymic

hydrolysis, which covalently binds DNA to exert its anticancer
efficacy.
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