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The ability to intercalate between DNA strands determines the cytotoxic activity of numerous anticancer
drugs. Strikingly, intercalating activity was also reported for some compounds considered to be antimu-
tagenic. The aim of this study was to determine the mode of interaction of DNA with the antimutagenic
and DNA repair-stimulating dihydropyridine (DHP) AV-153. DNA and AV-153 interactions were studied
by means of UV/VIS spectroscopy, fluorimetry and infrared spectroscopy.

Compound AV-153 is a 1,4 dihydropyridine with ethoxycarbonyl groups in positions 3 and 5. Computer
modeling of AV-153 and DNA interactions suggested an ability of the compound to dock between DNA
strands at a single strand break site in the vicinity of two pyrimidines, which was confirmed in the pres-
ent study. AV-153 evidently interacted with DNA, as addition of DNA to AV-153 solutions resulted in pro-
nounced hyperchromic and bathochromic effects on the spectra. Base modification in a plasmid by
peroxynitrite only minimally changed binding affinity of the compound; however, induction of single-
strand breaks using Fenton’s reaction greatly increased binding affinity. The affinity did not change when
the ionic strength of the solution was changed from 5 to 150 mM NaCl, although it increased somewhat at
300 mM. Neither was it influenced by temperature changes from 25 to 40 �C, however, it decreased when
the pH of the solution was changed from 7.4 to 4.7. AV-153 competed with EBr for intercalation sites in
DNA: 116 mM of the compound caused a two-fold decrease in fluorescence intensity. FT-IR spectral data
analyses indicated formation of complexes between DNA and AV-153. The second derivative spectra
analyses indicated interaction of AV-153 with guanine, cytosine and thymine bases, but no interaction
with adenine was detected.
Conclusions: The antimutagenic substance AV-153 appears to intercalate between the DNA strands at the
site of a DNA nick in the vicinity of two pyrimidines.

� 2014 Elsevier Ireland Ltd. All rights reserved.
1. Introduction

DNA damage by irradiation, chemicals, endogenous free radi-
cals, and further ineffective repair of these lesions are common
causes of premature aging, cancer [1,2] and other diseases
including diabetes mellitus [3,4] and neuropathies [5]. Treatment
strategies of cancer and diabetes mellitus can be aimed at DNA
damage prevention and DNA repair enhancement [6,7].
The necessity to protect DNA against damage stimulates great
interest in natural and synthetic compounds with antioxidant
and antimutagenic properties [8].

Antimutagens are defined as agents, which decrease the muta-
genicity of a substance either by preventing its transformation into
a mutagen, or by inactivation, or by preventing a mutagen–DNA
reaction. Some of them are reported to interact directly with
DNA. Morin, quercetin, ellagic acid, genistein, baicalein and rutin
bind effectively to DNA through intercalation. Although this effect
is characteristic of mutagens, most of these compounds are consid-
ered to be antimutagenic [9–15]. Quercetin, kaempferol and del-
phinidin can also intercalate in DNA [16]. Some researchers insist
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Fig. 1. (A) Chemical structure of AV-153. (B) Model of interaction with DNA. (C)
Docking position and 2D diagram of AV-153 in binding sites of PAPR-1 and PARP2.
The green and purple colors denote residues with polar and van der Waals
interaction, respectively. (D) UV–VIS spectra of AV-153 sodium salt in the absence
and presence of different concentrations of rat liver DNA: blue – 0 lM DNA, red –
6,5 lM, green 13 lM, magenta – 19,5 lM, cyan – 26 lM, brown – 32,5 lM, black –
39 lM.
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that DNA-binding activity of the above compounds cannot result in
mutagenesis [11,12]. Thus, direct binding of antimutagens to DNA
could be a possible mechanism of their DNA-protecting action.

Synthetic derivatives of 1,4-dihydropyridine (1,4-DHPs) possess
important biochemical and pharmacological properties. Some
b-carbonyl-1,4-dihydropyridine analogues of dihydronicotina-
mide, the hydrogen- and electron-transferring moiety of the redox
coenzymes NADH and NADPH, manifest antimutagenic activity.
1,4-DHPs apparently inhibit chemical mutagenesis due to modula-
tion of DNA repair. Study of the impact of DHP on DNA repair indi-
cated that the DHP derivative AV-153 reduced the number of DNA
strand breaks not only in untreated cells, but also in cells exposed
to gamma-radiation, ethylmethane sulfonate, or H2O2 [17,18]. The
similarity of 1,4 DHP and nicotinamide chemical structures sug-
gests that AV-153 stimulates DNA repair by increasing poly(ADP
ribose) synthesis. Indeed, the level of poly(ADP ribose) after geno-
toxic stress increases more than twofold in presence of AV-153
[19].

The aim of this study was to determine the mode of interaction
of DNA with the antimutagenic and DNA repair stimulating dihy-
dropyridine (DHP), AV-153.

2. Materials and methods

2.1. Chemicals

AV-153 sodium salt was synthesized in the Laboratory of
Membrane Active Compounds at the Latvian Institute of Organic
Synthesis. The structure of the compound is given in Fig. 1A. Tris
base, sucrose, Triton-X-100, Hind III/k DNA digest, ethidium bro-
mide (EBr), hydroxyapatite, Na2EDTA, LiCl, NaCl, CaCl2 and other
inorganic salts were purchased from Sigma–Aldrich. 2-mercap-
toethanol was obtained from Ferak Berlin, sodium dodecyl sulfate
was supplied by Acros Organics, isoamylic alcohol was obtained
from Stanlab, and 6� Orange loading solution, RNase A and Pro-
teinase K were purchased from Fermentas.

2.2. Oligonucleotides

Oligonucleotides were supplied by Metabion. The single-
stranded oligonucleotide SNP20222-F 50-ACC AGG CAA CAT CTT
GAA GG-30 was designed by T. Sjakste. Sequences of published pal-
indromic hairpin-forming oligonucleotides were as follows:

1) ‘‘AT Rich’’ 50-AAG AAT TCT TAA GAA TTC TT-3’ [20].
2) ‘‘CG-Center’’-50-GGT ACC GGT ACC-30 [21].
3) ‘‘ALS2’’-50-GCG CAT GCG CGC GCA TGC GC-30 [22].

2.3. Isolation of DNA from rat liver

DNA was isolated from the liver of Wistar rats, as rat liver is a
convenient source for easy purification of DNA in large quantities.
Chopped liver tissue was placed in a Dounce homogenizer, and a
10-fold excess of homogenization buffer (w/v) consisting of
0.25 M sucrose, 0,05 M Tris–HCl at pH 7.4 and 0,002 M CaCl2 was
added. After ten strokes, homogenate was centrifuged at 1000 g
for 10 min. The pellet was again homogenized in a buffer contain-
ing 50 mM Tris–HCl at pH 7.5, 0.25 M sucrose, 2 mM CaCl2, and 1%
Triton X-100. Crude nuclei were pelleted at 1000g for 10 min.
Extraction was repeated. The nuclear pellet was mixed with an
appropriate amount of buffer (100 mM Tris–HCl at pH 7.5,
500 mM NaCl, 50 mM Na2EDTA, 1.25% NaDodSO4, 3.8 g/l of sodium
bisulfite, and 4 ml/l of 2-mercaptoethanol). The two latter
components were added to the buffer just before extraction to
obtain a slightly viscous suspension. The lysate was incubated for
45 min at 65 �C. DNA was extracted with the same volume of
chloroform/isoamylic alcohol mixture (24:1), the suspension was
centrifuged, and the water phase was separated. RNA was sepa-
rated by precipitation in 4 M LiCl at 4 �C for at least one hour,
and a 12 M LiCl solution was added to the water phase to reach
the necessary salt concentration. RNA was pelleted for 10 min at
10,000g. The chloroform extraction procedure of the supernatant
was repeated again. DNA was precipitated from the water phase
with two volumes of ethanol and washed in 70% ethanol. The
DNA pellet was dried and diluted in water. To purify the DNA sam-
ple of possible protein and RNA contaminants, it was first treated
with RNase A (50 mg/ml, 1 h, 65 �C), then Proteinase K (400 mg/
ml) and 1.25% NaDodSO4 (1 h, 65 �C). The mixture was extracted
with chloroform/isoamyl alcohol; DNA was precipitated, dried
and dissolved in water up to 7.48 mM.

2.4. Isolation of genomic DNA from bacteria

Cultures of Staphylococcus aureus MSCL 334 and Micrococcus
luteus MSCL 25 were obtained from the Microbial Strain Collection
of Latvia. S. aureus was cultivated in nutrient broth (Difco) at 37 �C
for 48 h. M. luteus was cultivated on plate count agar (Oxoid) at
22 �C for 72 h and bacterial biomass was collected and suspended
in sterile water. Bacteria were spun down and suspended in TE
buffer with lysozyme (10 mM Tris–HCl at pH 8.0, 1 mM EDTA;
20 mg/ml lysozyme, 1% Triton X-100) and incubated at room tem-
perature for 20 min. NaDodSO4 and Proteinase K were then added
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up to concentrations of 1% and 100 lg/ml respectively. The mix-
ture was kept at 55 �C for an hour. Nucleic acids were extracted
with a mixture of chloroform and isoamyl alcohol (24:1). The
water phase was collected, NaCl was added up to 0.1 M, and
nucleic acids were precipitated with two volumes of ethanol. The
pellet was dissolved in TE, and to remove bulk RNA and other con-
taminants, LiCl was added to 4 M, incubated on ice for an hour and
centrifuged at 14,000g for 30 min. Nucleic acids were again precip-
itated with ethanol, dissolved in TE and treated first with RNase
(25 lg/ml, 1 h, 37 �C), then with 1% NaDodSO4 and Proteinase K
(100 lg/ml) for 3 h at 50 �C. DNA was again extracted with chloro-
form and isoamyl alcohol and precipitated with ethanol.

2.5. Plasmid isolation

Escherichia coli DH5alpha strain was transformed with plasmid
pTZ57R, the bacteria were grown in a liquid medium, and plasmid
DNA was isolated according the conventional alkaline extraction
protocol.

2.6. DNA sonication, purification, and dialysis

DNA samples were sonicated in a sonicator UZDN-2T (USSR) by
applying five to fifteen consecutive cycles of 15 s of sonication fol-
lowed by a 45 s pause. The sonicator tip was introduced directly
into the solution, which was kept in an ice bath to minimize ther-
mal effects. Agarose gel electrophoresis tests confirmed that the
polymer length was reduced to fragments ranging from 2 to
0.5 Kb in length. To remove remnants of polysaccharides, DNA
was fixed on hydroxyapatite in 0.12 M phosphate buffer pH 7.4
and then released from hydroxyapatite with 0.4 M phosphate buf-
fer. The DNA was dialysed in a D-Tube Mini Dialyser (Calbiochem)
against deionized water for 12 h. Spectrophotometric analysis indi-
cated that A260/A280 ratio in the DNA samples was 1.9–2.0.

2.7. Treatment with peroxynitrite

Peroxynitrite was synthesized as described [23]. pTZ57R DNA
was treated with 1 mM peroxynitrite in 0.1 M NaOH for 1 h at
37 �C. Induction of single-strand breaks was monitored by electro-
phoresis in alkaline conditions.

2.8. Fenton reaction

Plasmid pTZ57R DNA was treated with 0.003% H2O2 and 0.1 mM
FeSO4 for 30 min at 37 �C. The damaged DNA was dialysed against
water for 24 h. The degree of DNA strand breakage was evaluated
by alkaline agarose gel electrophoresis.

2.9. UV/VIS spectroscopic measurements

UV–VIS spectra were recorded with a Perkin Elmer Lambda 25
UV/VIS spectrophotometer in the absence of DNA and in the
presence of increasing amounts of DNA in 5 mM NaCl and 5 mM
Tris–HCl at pH 7.4 or other buffer. A 30-lM solution of the tested
compound was diluted out of a 1 mM stock solution in the buffer in
a quartz cell (2 ml). A reference cell was filled with 1 ml of the buf-
fer. The mixture was mixed thoroughly and titrated by 1.2 mM
DNA solution, 10 lM each time to both sample and reference cells.
DNA molar concentration was calculated on the basis of absor-
bance of the solution at 260 nm and molar extinction coefficient
for DNA. Spectra were recorded in a 400–200 nm interval at room
temperature. Temperature in the thermostated cell was changed in
some experiments.

Binding constants were calculated by applying the formula
1
A0 � A

¼ 1
A0
þ 1

K � A0 � cDNA

according to [15], where A0 is absorption of the free substance, A is
absorption in presence of DNA, and cDNA is DNA concentration.

2.10. Fluorescence spectroscopic measurements

Spectrofluorimetric analyses were performed on a Fluoromax-3
(Horiba JOBIN YVON). Fluorescence spectra of a 25-lM solution of
AV-153 in 5 mM Tris–HCl; 5 mM NaCl at pH 7.4 were recorded
over a range of 240–700 nm at an excitation wavelength of
350 nm. DNA was sequentially added up to 10, 50 and 100 lM.
Fluorescence spectroscopic experiments on the interaction of
AV-153 with the DNA-EBr complex were carried out at room tem-
perature in 5 mM Tris–HCl; 5 mM NaCl at pH 7.4 using a 1-cm
cuvette. The complex of rat liver DNA (74.8 lM) and ethidium bro-
mide (1.26 lM) was titrated with 8.3 lM aliquots of the 2.5-mM
solution of the compound. After each titration, the solution was
mixed thoroughly and allowed to equilibrate for 5 min prior to
fluorescence measurement. Excitation wavelength was 335 nm,
and fluorescence was measured at 480 nm.

2.11. Fourier transform infrared (FT-IR) spectroscopy

Suspension of 5–10 lL of plasmid DNA, AV-153 or mixture of
AV-153 and plasmid DNA in a ratio of 1:2 or 1:5, or, alternatively
‘‘oligo-GC centre’’ oligonucleotide solutions, were dried at
T < 50 �C on a 384 well silicone plate. FT-IR absorption spectra were
recorded on a VERTEX 70 coupled with an HTS-XT microplate
reader extension (BRUKER, Germany) over a range of 4000–
600 cm�1 with a resolution of 4 cm�1, 64 scans. Baseline was cor-
rected using the rubber band method, and CO2 bands were
excluded. For data analyses, spectra were used which fit the
absorption limits of 0.25–0.80 (to fulfill the Lambert–Bouguer–
Beer law where the concentration of a component is proportional
to the intensity of the absorption band). Data were processed using
OPUS 6.5 software.

2.12. Docking experiments

The crystal structure of DNA was obtained from Protein Data
Bank (PDB: 1BNA) [24]. 2D and 3D scaffolds of test compounds
were built using ChemBioOffice 2010 software. The LibDock pro-
gram [25] was utilized to perform DNA-ligand interaction under
Accelrys Discovery Studio 2.5.5.9350. A sphere of radius 25 Å was
used to define a binding area, and polar and non-polar hotspots
were regarded as active sites. The number of hotspots was set at
100 for conformer matching. The fast mode of conformation
method was used to generate conformations. The final predicted
DNA-ligand complex was optimized by energy minimization, with
HARvard Macromolecular Mechanics (CHARMm) used as the force
field for energy minimization [26], and the complex was then min-
imized by the conjugate gradient method. All predicted docking
positions had a LibDock Score calculated for binding affinity
analysis.

3. Results

3.1. Docking experiments

Docking experiments were first performed to test the hypothe-
sized possibilities of AV-153 interacting with DNA and poly(AD-
P)ribose polymerases. These experiments demonstrated that
intercalation can occur exclusively at sites of DNA nicks (Fig. 1A).
These results were in some contradiction to previously published
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data on stimulation of poly(ADP)ribose synthesis by AV-153
[18,19]. It was hypothesized that the compound could stimulate
activity of the enzyme due to its structural similarity to nicotinic
acid. Docking experiments also revealed the possibility of AV-153
binding to active centers of poly(ADP)ribose polymerase 1 (PARP1)
and 2 (PARP2). The binding site of PARP1 was based on the location
of the PARP1 inhibitor (FR257517) in the crystal structure (1UK0),
and the PARP2 inhibitor 3-aminobenzamide in human PARP2
(3KCZ) was used as the binding site for docking analysis. From
the docking results of AV-153 successfully bound to the inhibitory
sites of PARP1 and PARP2, the binding positions and the docking
score could be computed. Asn207 of PARP1 forms one H-bond with
the N–H moiety of AV-153 (Fig. 1B). However, no H-bonds were
observed in PARP2 (Fig. 1C), as the number of polar residues in
PARP2 is less than PARP1. The docking score for PARP1 was
53.182, and for PARP2 it was 45.346. Thus, one could propose an
alternative mechanism for AV-153, probably binding to DNA in
the vicinity of DNA nicks. Further experiments were aimed at test-
ing this hypothesis.
Fig. 2. AV-153-Na absorption spectra in absence and presence of plasmid pTZ57R
DNA after different treatments. (A) Intact plasmid; (B) sonicated pTZ57R plasmid
DNA. Insertion: gel electrophoresis at neutral conditions of sonicated (lane 1) and
intact (lane 2) pTZ57R plasmid DNA. Arrows indicate positions of molecular weight
markers. (C) Interactions of pTZ57R plasmid DNA treated in Fenton’s reaction.
Insertion: gel electrophoresis in alkaline conditions of intact (lane 1) and treated
(lane 2) pTZ57R plasmid DNA. (D) pTZ57R plasmid DNA treated with peroxynitrite.
Insertion: gel electrophoresis at neutral conditions (left) and alkaline conditions
(right). Lane 1 – intact plasmid; lane 2 – peroxynitrite-treated plasmid.
3.2. Absorption studies

Absorption titration was carried out to monitor the interaction
of the compound with sonicated rat liver DNA. The UV–VIS spectra
of AV-153 sodium salt in the absence and presence of different
concentrations of DNA are shown in Fig. 1D. The substance has
two absorption maxima at 351 and 234 nm. When the DNA
solution was gradually added to the solution of AV-153, a hyper-
chromic effect was observed. The short-wave absorption maxi-
mum shifted to 243 nm, indicating a bathochromic effect. Thus,
direct interactions between DNA and AV-153 are evident. Similar
effects were observed when intact pTZ57R plasmid (Fig. 2A) or
sonicated plasmid DNA (Fig. 2B) was used for titration. After induc-
tion of single-strand breaks in the plasmid DNA using the Fenton
reaction, the binding affinity of the compound increased from
3.8 � 104 to 11.7 � 104 L mol�1 (Fig. 2C). Base modification by per-
oxynitrite with creation of alkali-labile sites did not significantly
change the binding constant (Fig. 2D and Table 1). The binding
affinity did not appreciably change when ionic strength of the solu-
tion was changed from 5 to 10, 20, 50 or 150 mM of NaCl. However,
it did increase when the ionic strength of the solution was raised to
300 mM. Changes in the temperature (25, 30, 37 or 40 �C) did not
influence the binding affinity. A shift in pH from 7.4 to 4.7 consid-
erably decreased the binding affinity of AV-153 to both plasmid
and rat liver DNA (Table 1).

3.3. Absorption studies of AV-153 interaction with nucleic acid
fragments of different structure and composition

The compound interacted with the single-stranded oligonucleo-
tide (Fig. 3A) and hairpin-forming oligonucleotides (Fig. 3B–D).
Hyperchromic and hypochromic effects were observed. However
the effects were less pronounced compared to double-stranded
DNA.

Interaction of the compound with AT-rich DNA of S. aureus
(31–37% of GC pairs [27] was comparable to interactions with
GC-rich M. luteus DNA (about 75% of GC pairs), although it was
weaker than with rat DNA (42–44% of GC pairs).

AV-153 apparently prefers interaction with DNA where GC and
AT pairs are present in equal amounts.

3.4. Fluorescence measurements

The ability of AV-153 to interact with DNA was confirmed in
fluorescence measurements (Fig. 4). At an excitation wavelength
of 350 nm, the compound emitted light at a maximum close to
maximum of the excitation light (480 nm). The intensity of fluores-
cence increased drastically when DNA was added to the solution.
These results again confirm the direct interaction between the
compound and DNA.



Table 1
Binding constants of different DNA samples and AV-153.

No. DNA sample Conditions Binding constant (L mol�1)

1 Sonicated rat liver DNA 5 mM NaCl;5 mM Tris–HCl, pH 7.4; room temperature 3.94716 � 104

2 Intact pTZ57R plasmid 5 mM NaCl;5 mM Tris–HCl, pH 7.4; room temperature 3.8053 � 104

3 Sonicated pTZ57R plasmid 5 mM NaCl;5 mM Tris–HCl, pH 7.4; room temperature 3.33333 � 104

4 Sonicated pTZ57R plasmid 5 mM Tris–HCl pH 7.4, 10 mM NaCl, room temperature 2.47619 � 104

5 Sonicated pTZ57R plasmid 5 mM Tris–HCl pH 7.4, 20 mM NaCl, room temperature 4.00000 � 104

6 Sonicated pTZ57R plasmid 5 mM Tris–HCl pH 7.4, 50 mM NaCl, room temperature 2.637363 � 104

7 Sonicated pTZ57R plasmid 5 mM Tris–HCl pH 7.4, 150 mM NaCl, room temperature 1.848739 � 104

8 Sonicated pTZ57R plasmid 5 mM Tris–HCl pH 7.4, 300 mM NaCl, room temperature 6.087437 � 104

9 Sonicated pTZ57R plasmid 5 mM Tris–HCl pH 4.7, 5 mM NaCl, room temperature 1.142857 � 103

10 Sonicated rat liver DNA 5 mM Tris–HCl pH 4.7, 5 mM NaCl, room temperature 2.380952 � 103

10 Sonicated pTZ57R plasmid 5 mM Tris–HCl pH 7.4, 5 mM NaCl; 25 �C 2.653061 � 104

11 Sonicated pTZ57R plasmid 5 mM Tris–HCl pH 7.4, 5 mM NaCl; 30 �C 1.680672 � 104

12 Sonicated pTZ57R plasmid 5 mM Tris–HCl pH 7.4, 5 mM NaCl; 37 �C 2.44898 � 104

13 Sonicated pTZ57R plasmid 5 mM Tris–HCl pH 7.4, 5 mM NaCl; 40 �C 2.142857 � 104

14 pTZ57R plasmid treated with peroxynitrite 5 mM NaCl;5 mM Tris–HCl, pH 7.4; room temperature 2.095238 � 104

15 pTZ57R plasmid treated in Fenton’s reaction 5 mM NaCl;5 mM Tris–HCl, pH 7.4; room temperature 11.71278 � 104

16 Sonicated DNA of Staphylococcus aureus 5 mM NaCl;5 mM Tris–HCl, pH 7.4; room temperature 3.896104 � 103

17 Sonicated DNA of Micrococcus luteus 5 mM NaCl;5 mM Tris–HCl, pH 7.4; room temperature 5.194805 � 103

Fig. 3. AV-153 absorption spectra in absence and presence of: (A) single-strand oligonucleotide SNP20222-F; and hairpin-forming oligonucleotides (B) ‘‘CG-center’’, (C) ‘‘AT-
rich’’, and (D) ‘‘ALS2’’. Sequences of oligonucleotides are given.
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3.5. Fluorescent intercalator displacement assay

To assess the mode of DNA interactions with AV-153 we per-
formed a fluorescence intercalator displacement assay. In this
assay, the enhanced fluorescence of the DNA-EBr complex is
quenched by the addition of a second ligand, which is either an
intercalator or a groove binder [28]. As presented in Fig. 5, the sub-
stance quenched the EBr interaction sites in DNA. AV-153 com-
peted with EBr for intercalation sites in DNA: 116 mM of the
compound caused a twofold decrease of the fluorescence intensity,
indicating ability of the substance to intercalate between the DNA
strands.

3.6. Infrared spectroscopy

The FT-IR spectra of sonicated and native plasmid DNA (Fig. 6)
in the region between 1700 and 1400 cm�1 showed absorption
bands assigned to guanine (6197 cm�1), thymine (1655 cm�1),
adenine (1608 cm�1) and cytosine (1490 cm�1). Spectra were nor-
malized; therefore the concentration of particular groups is pro-
portional to the vibration band intensity. The spectra of ‘‘oligo GC
centre’’ oligonucleotide (Fig. 6) were slightly different than the
spectra of plasmid. In the spectral region between 1700 and
1400 cm�1, the spectra of native plasmid DNA and ‘‘oligo GC cen-
tre’’ oligonucleotide samples were very similar. Remarkably, the
absorption band maximum assigned to thymine varied only
slightly, being 1655 cm�1 in native plasmid pTZ57R DNA spectra
while in ‘‘oligo GC centre’’ oligonucleotide spectra the band was
observed at 1650 cm�1. Moreover, the intensity of cytosine absorp-
tion band (at 1400 cm�1) was higher in the spectrum of the oligo
GC centre than in plasmid spectra, indicating higher content of
these groups.

FT-IR spectra of AV-153, plasmid DNA and AV-153:plasmid
pTZ57R DNA at a ratio of 1:5 and incubated for 2 h are shown in



Fig. 4. AV-153 fluorescence spectra with excitation at k = 350 nm in absence and
presence of different concentrations of pTZ57R plasmid DNA. CAV-153=25 lM, DNA
concentration was increased for 12.5 lM at each step (CDNA=12.5–225 lM).

Fig. 5. Fluorescence quenching plot of the ethidium bromide-rat liver DNA complex
as a function of AV-153 concentration.

Fig. 6. FT-IR spectra of sonicated pTZ57R plasmid DNA (––––), native pTZ57R
plasmid DNA (- - -) and ‘‘oligo GC center’’ oligonucleotide (���������). Where marked
are the absorption bands assigned to guanine (G), thymine (T), adenine (A) and
cytosine (C).

Fig. 7. FT-IR spectra of pTZ57R plasmid DNA (––––); AV-153 (- - -); pTZ57R plasmid
DNA: AV-153 after 2 h of incubation (��������). Spectra are baseline-corrected and
vector-normalized.

Fig. 8. The second derivative spectra of pTZ57R plasmid DNA (––––); AV-153 (- - -)
and AV-153: pTZ57R plasmid DNA 1:5 after 2 h of incubation (�������). Spectra were
baseline-corrected and vector-normalized.
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Fig. 7. The profile of AV-153 spectra shows many sharp bands in
the region of 1000–1700 cm�1. The two most intensive bands are
at 1234 and 1675 cm�1. In the spectra of plasmid there are three
broad absorption bands with maximums at 1085, 1235 and
1680 cm�1 assigned to PO2 symmetric stretching vibrations, PO2

asymmetric stretching vibrations and CO stretching vibrations of
DNA bases respectively. Moreover, the DNA bases guanine
(1692 cm�1), thymine (1659 cm�1), adenine (1609 cm�1) and
cytosine (1487 cm�1) can be identified. The spectra of AV-153
and plasmid revealed wavelength shifts or intensity changes of
bands characteristic for PO2 groups and DNA bases (Fig. 7.). It has
been reported [29–32] that an increase of absorption band intensi-
ties indicates partial helix destabilization of DNA but a decrease
indicates stabilization of DNA, interaction with substances, and
conformational changes of the biopolymer. The binding of PO2

groups with AV-153 was indicated not only by the wavelength
shift, but also the decrease in the intensity ratio of the PO2 sym-
metric vibration band (with maximum at 1085 cm�1) and asym-
metric vibration band (with maximum at 1236 cm�1) intensities.
The difference spectra of AV-153 and plasmid at a ratio of 1:5
and plasmid pTZ57R spectra showed positive and negative peaks.
It has been reported [29–31] that positive peaks in difference spec-
tra and their wavelength shifts indicate the binding of DNA with a
substance. The difference spectra of AV-153 with plasmid and plas-
mid alone showed positive peaks at 1236 cm�1 (PO2 groups),
1492 cm�1 (cytosine), 1656 cm�1 (thymine) and 1708 cm�1 (guan-
ine), therefore indicating the binding of both components. The sec-
ond derivative spectra of AV-153, plasmid pTZ57R, and their
mixture at a ratio of 1:5 were evaluated to more precisely learn
which DNA bases bind with AV-153. It can be seen that the band
profiles and wavelength in spectral regions characteristic of guan-
ine, thymine and cytosine bands have changed. These data indicate
binding of these DNA bases with AV-153. It should be noted that
the adenine band at 1603 cm�1 did not shift and the peak profile
was not changed, indicating a lack of binding with AV-153 (Fig. 8).
4. Discussion

In the present study, we tested the mechanisms of AV-153
interaction with DNA. Docking experiments predicted intercalation
of the compound in DNA nick and in vicinity of two different
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pyrimidines. Our experiments have substantiated this model. The
hyperchromic effect observed during spectrophotometric titration
indicated direct binding of the molecule to DNA. The increase of
intensity of fluorescence of the compound in the presence of
DNA confirms this conclusion. A similar increase of fluorescence
of the compound after binding to DNA was reported for 3-hydrox-
uflavone [33] and several steroidal pyran-based derivatives [34].
Increase is interpreted as a decrease in the fluorescence quenching
effect of solvent molecules after penetration of the molecule in
hydrophobic environment [34], indicating again the fact of
intercalation.

The binding affinity was insensitive to DNA fragmentation by
ultrasound, which produced small double-stranded fragments.
Base modification by peroxynitrite, without generation of DNA
strand breaks, is apparent from the lack of changes in the distribu-
tion of plasmid forms, as evaluated by electrophoresis in neutral
conditions. On the contrary, the modifications manifested them-
selves as alkali-labile sites during electrophoresis in alkaline condi-
tions. On the other hand, massive induction of single-strand breaks
in Fenton’s reaction increased affinity of the binding. Favorable
binding sites between two pyrimidines were indirectly indicated
by decreased affinity of the compound to AT- or GC-rich DNA.
Low affinity, along with different changes in spectra of the com-
pound when titrated by oligonucleotides lacking such structures,
leads to the same conclusion. FTIR experiments provide direct evi-
dence for preferential interactions of the compound with cytosine
and thymine. Ethidium bromide competition curves clearly indi-
cate that AV-153 intercalates in DNA.

In our opinion, the DNA repair-enhancing effect of the
compound is attained via a pathway different from serving as sub-
strate for PARP as suggested previously [19]. Intercalation of the
substance in DNA can affect the level of superhelicity of the DNA
molecule in the cell, thus having the capability to trigger activity
of DNA repair systems [35–37] and favor PARP binding [38]. On
other hand intercalation, being a DNA lesion per se, can activate
DNA repair regulation pathways leading to increased efficiency in
the repair of lesions produced by other genotoxic agents [39,40].
The exact mechanism of the antimutagenic action of the com-
pound could be elucidated by determination of activated intracel-
lular pathways using transcriptomic or proteomic approaches.
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