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An expedient and eco-friendly synthesis of 1-aryl/heteroaryl-[1,2,4]-triazolo[4,3-alquinoxalin-4(5H)-ones (4)
has been accomplished via iodobenzene diacetate mediated oxidative intramolecular cyclization of 3-(2-(aryl/
heteroarylidene)hydrazinyl)-quinoxalin-2(1H)-ones (3). Ten synthesized compounds 3 and 4 (10-40 ug) on ir-
radiation with UV light at Ay 312 nm could lead to cleavage of supercoiled pMaxGFP DNA (Form I) into the
relaxed DNA (Form II) without any additive. Further, DNA cleaving ability of triazoles was quantitatively
evaluated and was found to be dependent on its structure, concentration, and strictly on photoirradiation time.

Mechanistic investigations using several additives as potential inhibitors/activator revealed that the DNA
photocleavage reaction involves Type-I pathway leading to formation of superoxide anion radicals (O, °) as the
major reactive oxygen species responsible for photocleavage process.

1. Introduction

For many decades, interaction between small organic molecules
preferably heterocyclic based compounds and DNA has been a subject
of intensive investigation with the perspective of development of new
DNA targeting antitumor drugs viz. bleomycins, Hoechst 33258, dox-
orubicin, amsacrine, cisplatin, phenanthriplatin [1-4]. In this context,
photonucleases embrace vast promise in genomic research and medic-
inal chemistry due to their ability to cause significant damage on DNA
with or without site selectivity upon irradiation by ultra-violet or
visible light [5,6]. Furthermore, the organic compound is not consumed
in the process. Photonucleases comprise multifarious potential in the
design and development of synthetic restriction enzymes, as sequence-
specific cleavage agents [7,8], as molecular probes that can recognize
specific DNA sequences [9,10], as DNA footprinting agents to study
DNA-drug and DNA-protein interactions [11], as pharmacological and
therapeutic agents [12-14] as well. Additionally, they find promising
utility as highly targeted photochemotherapeutic agents and in photo-
dynamic therapy (PDT) for cancerous or non-malignant tissues
[15-18].

Triostin A, tandem and azatriostin are members of quinoxaline fa-
mily of antibiotics that have strong DNA-binding and potential
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antitumor activity [4]. In fact, the activity of antiviral indolo[2,3-b]
quinoxaline derivatives also finds its origin in interactions with DNA
[19]. It has been observed that DNA binding and/or topoisomerase II
inhibition contribute to cytotoxicity of [1,2,4]-triazolo[4,3-a]quinoxa-
line derivatives against three tumor cell lines namely HePG-2, Hep-2
and Caco-2 [20]. Peptide derivatives of 3-(quinoxalin-6-yl)alanine are
also known to cause oxidative DNA damage in combination with Cu(II)
or Fe(Il) ions [21]. Additionally, many 1,2,3-triazole derivatives have
exhibited antitumor or DNA photocleavage activities [22-24]. 1,2,4-
Triazole-based copper(Il) complex has been reported to possess nu-
clease activity [25]. Despite this, potential of triazoloquinoxalines as
photonucleases is poorly explored. The study of quinoxaline and tria-
zole pharmacophores endowed with the ability to photocleave DNA in
presence of cofactors can be envisioned to provide a rational basis for
the design and synthesis of new photonucleases by fusing electron rich
triazole ring to 1,2-bond of the quinoxaline ring to extend the planarity
of the system. Since metal-based photosensitizers possess certain lim-
itations like solubility, side effects, intrinsic and extrinsic resistance,
therefore, design of photonucleases which functions without any ad-
ditives such as metals and reducing agents is highly enviable. Accord-
ingly, we have previously reported synthesis of 1-aryl/heteroaryl-4-
methyl-1,2,4-triazolo[4,3-a]quinoxalines I and their potential of
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Fig. 1. (a) Structures of previously reported biologically active quinoxaline derivatives (I-V). (b) The proposed [1,2,4]-triazolo[4,3-a]quinoxalin-4(5H)-ones (4) in

the present study.

photocleaving supercoiled plasmid ®X174 DNA from Form I to II [26]
(Fig. 1a). Literature precedent indicated that hydrazone derivatives of
quinoxalin-2(1H)-ones II are reported as cancer chemopreventive
agents with potent and selective inhibition of tyrosine kinase (TRK)
receptor [27] and 1,2,4-triazolo[4,3-alquinoxalin-4(5H)-one deriva-
tives III, IV act as potent and/or selective antagonists of several re-
ceptors such as Az adenosine [28] and AMPA receptor [29]. In addition,
1-(substituted-phenyl)-5H-[1,2,4]-triazolo[4,3-a]quinoxalin-4-ones 'V
have exhibited inhibitory effect on secreted phospholipase A2 (sPLA2)
[30]. Moreover, 1,2,4-triazolo[4,3-a]lquinoxalin-4(5H)-one derivatives
act as important template for the selective construction of diverse
heterocyclic scaffolds of synthetic and biological importance [29,31].
Keeping in view the bio-active profile of triazoloquinoxalines and as a
part of our continuing research directed toward the unique applications
of iodobenzene diacetate (IBD) in synthetic organic transformations
[32-34], we wish to report herein a convenient synthesis and DNA
photocleavage activities of some [1,2,4]-triazolo[4,3-alquinoxalin-
4(5H)-ones (4) having structural modification at position-4 of com-
pound 1.

2. Designing based on molecular orbital calculations

In the quest for designs of more active DNA photocleavers, it is an
effective strategy to incorporate new functional groups or structural
modifications. In the present work, rationale was to study whether the
replacement of methyl substituent at 4th position of reported photo-
nucleases I with oxo group in triazolo[4,3-alquinoxalin-4(5H)-one de-
rivatives 4 (Fig. 1b), would lead to subtle or substantial changes in DNA

photocleavage activity. Oxo group was introduced so as to impart
various electronic and lipophilic or hydrogen bond accepting properties
to the target molecules that might contribute to the enhancement of
DNA photocleavage activity.

The initial geometry optimization of compounds 4a, b, i-k were
performed using molecular mechanics method and MM+ force field,
where the minimum energy conformations are obtained (Fig. S1,
Supporting Information). These conformations were used further for
single point level calculations. The minimum energy in the most stable
conformation, lowest unoccupied molecular orbital (LUMO) and
highest occupied molecular orbital (HOMO) energies for compounds
4a, b, i-k were obtained from AM1 force field semi-empirical quantum
calculations, using molecular modeling programs HyperChem 7.0 and
are listed in Table 1. The simulated electron densities distribution of
HOMO and LUMO of these compounds are shown in Fig. S2 (Supporting
Information).

Dong et al reported that DNA photocleavage efficiency is directly
related to the energy gap between LUMO and HOMO (AE; ) of iso-
meric methylbenz[a]anthracenes [35]. Therefore, it was envisaged in
the present study to incorporate oxo group at position-4 of triazolo-
quinoxaline ring as it causes a slight enhancement in the HOMO-LUMO
gaps in comparison with methyl substituent at position-4 of triazolo-
quinoxalines I [26]. For instance, the HOMO energy levels of 4i can be
depressed by 0.41 ev through oxo substitution in comparison to cor-
responding reported analog I [26]. Interestingly, the nature of R group
also affects the energy gap. The band gaps (AE_y) of 4a (having un-
substituted phenyl on triazole ring) and 4j (having unsubstituted
thienyl on triazole ring) are greater than 4b (having 4’-fluorophenyl on
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Table 1

The minimum energy and frontier orbitals energies for 4a, b, i-k.
Compd. R E? LUMO" HOMO*" AEL 1
4a -CeHs —3466.07 —1.175433 —9.098546 7.923113
4b -p-FCeHy —3477.74 —1.324252 —9.139587 7.815335
4i -2’-furyl —3111.30 —1.145003 —9.27898 8.133977
4j -2’-thienyl —3098.81 —1.113257 —9.207574 8.094317
4k -5’-bromo-2’-  —3070.22 —1.299559 —9.285626 7.986067

thienyl

Iy -2’-furyl —3113.266902 —1.161189 —8.870054 7.708865
r -2’-thienyl —3117.678469 —1.180223 —8.947033 7.76681

% E (minimum energy of molecule in least strained conformation, kcal/mol)
and the frontier orbital energies (ev) were obtained from AM1 force field cal-
culations.

P Ref. [26].

triazole ring) and 4k (having 5’-bromo-2’-thienyl on triazole ring), re-
spectively. Thus, it may be presumed that the triazoloquinoxalinones
proposed in present study might have better potential towards DNA
cleavage as compared to earlier reported photonucleases I [26].

3. Chemistry
3.1. Synthesis

The precursor, quinoxalin-2,3(1H,4H)-dione 1 was synthesized by
the reaction of o-phenylenediamine with oxalic acid in 4N HCL
Treatment of compound 1 with 50% hydrazine hydrate furnished 3-
hydrazinoquinoxalin-2(1H)-one (2) [36]. Compound 2 on condensation
with various aromatic/heteroaromatic aldehydes in ethanol under re-
flux readily afforded the corresponding key intermediates, 3-(2-(aryl/
heteroarylidene)hydrazinyl)-quinoxalin-2(1H)-ones (3a-k). Ensuing
oxidative intramolecular cyclization of a variety of 3 with 1.1 equiv of
IBD in dichloromethane under stirring at room temperature for 2h
resulted in the formation of 1-aryl/heteroaryl-[1,2,4]-triazolo[4,3-a]
quinoxalin-4(5H)-ones (4) in excellent yields (Scheme 1). This method
is superior than the earlier reported methods which involve pyrolysis of
corresponding hydrazones in presence of high boiling solvent ethylene
glycol or DMSO at 200 °C for 5-8 h [37-38] and oxidative cyclization of
hydrazones using bromine in acetic acid to afford [1,2,4]-triazolo[4,3-
a]quinoxalin-4(5H)-ones [30]. Unfortunately, these methods offer some
limitations such as poor yields of products, harsh reaction conditions,
side product formation, prolong and complex procedures, cumbersome
product isolation procedures and toxic reagents. The present protocol
using IBD in oxidative transformation is mild, efficient, en-
vironmentally benign and reaction times are considerably reduced.
Therefore, it is better than earlier methods in terms of selectivity, ready

NH, 0 i
+ HO\H)J\OH —>
NH, 5
NHNH, iii

1

2
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availability and ease of handling of IBD.

Structure of the new compounds 4d, e, g, h, j and k was confirmed
by elemental analyses, MS and a careful comparison of their IR and
NMR spectra with those of their corresponding hydrazones 3d, e, g, h, j
and k. The structure of the reported hydrazones 3 and triazoles 4 has
been confirmed from their literature melting points. The results were
summarized in Table 2.

3.2. Results and discussion

IR spectra of 3d, e, g, h, j and k showed characteristic absorption
bands at ~3155-3297 cm ™! for N—H stretching, 1674-1682cm ! for
C=O0 of amide, besides C=N stretching bands at 1600-1620 cm ~*. The
'H NMR spectra of 3d, e, g, h, j and k displayed a sharp singlet at §
8.50-8.87 ppm for azomethine (—N=CH-—) proton and two broad
singlets at § 11.07-11.54 and § 12.15-12.41 ppm corresponding to
resonance of NH of hydrazone and of amide, respectively, as these were
exchangeable with D,0. 'H and '3C NMR spectra of hydrazones showed
their existence in geometric E-configuration. However, compounds 3g
and 3h existed in two geometrical isomers. Compounds 3g displayed
—N=C—H resonance at § 7.93 ppm (15%, Z-isomer) and 8.55 ppm
(85%, E-isomer), therefore, must exist in both the Z and E-imine con-
figuration and in agreement with literature [39]. An important char-
acteristic feature in the "H NMR spectra of 4d, e, g, h, j and k was the
disappearance of the signals at § 8.50-8.87 and 11.07-11.54 corre-
sponding to azomethine (—N=CH—) and NH, respectively, of its pre-
cursor hydrazones 3, thus indicating the successful triazole ring for-
mation. The disappearance of absorption band for N—H stretching in IR
spectra further confirmed the structure of compounds 4d, e, g, h, j and
k.

The plausible mechanism for the transformation of hydrazones 3 to
triazoles 4 is depicted in Scheme 2. Initial electrophilic attack of IBD on
3 gives an I(IIl) intermediate A. Subsequently, intermediate A under-
goes reductive loss of iodobenzene along with elimination of a molecule
of acetic acid to generate another intermediate, nitrile imine B, which
finally undergoes cyclization to yield the product 4.

4. Photoinduced cleavage of pMaxGFP supercoiled plasmid DNA
by 3-(2-(aryl/heteroarylidene)hydrazinyl)-quinoxalin-2(1H)-ones
(3) and [1,2,4] -triazolo [4,3-a] quinoxalin-4(5H)-ones (4)

Specifically, five triazolo[4,3-alquinoxalin-4(5H)-ones 4a, b, i-k
bearing phenyl, 4’-fluorophenyl, 2’-furyl, 2’-thienyl and 5’-bromo-2’-
thienyl at position-1 of triazoles were chosen, out of the eleven syn-
thesized compounds, for preliminary DNA photocleavage studies. The
choice of these compounds was made on their solubilities and on the
observation that these rings play crucial role in cleaving DNA

I
N
H

1
R
RCH-= N
N NH .
1 —
3a-k 4a-k

Scheme 1. Synthesis of 1-aryl/heteroaryl-[1,2,4]-triazolo[4,3-a]quinoxalin-4(5H)-ones (4a-k). Reagents and conditions: (i) 4N HCI, reflux, 4h; (ii) 50%
NH,NH>H,0, reflux, 2 h; (iii) RCHO, C,HsOH, reflux, 2h; (iv) PhI(OAc),, CH,Cly, stir, room temperature, 2 h.
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Table 2

Structural substitution pattern and physical data of compounds 3a-k and 4a-k.

Bioorganic Chemistry 88 (2019) 102932

3,4 Substituent (R) Yield® (%) M.p. /Lit. m.p. (°C) [ref] Yield® (%) M.p./Lit. m.p. (°C) [Ref.]
a @/ 95 246/245-247 [37] 92 > 250/ > 300 [37]
b /@/ 94 > 250/285-287 [37] 93 > 250/ > 300 [37]
F
c /@/ 94 258/256-258 [37] 91 > 250/ > 300 [37]
Cl
d /@/ 92 257-258¢ 88 > 310°
Br
e /@/ 89 230-232¢ 82 > 320°¢
H5C
f /@/ 92 242/240-244 [37] 90 > 250/ > 300 [37]
H;CO
g H;CO\©\/ 87 220-222° 86 279-281°
OCHj,4
h H3CO:©/ 89 255-256° 85 298-300°¢
H;CO
i / \ 90 242/216-219 [38] 87 > 280/ > 360 [38]
(-
j f \ 91 259-261¢ 91 302-304°
[)-
k 90 247-249°¢ 90 292-294¢
Br@*
2 Yield of isolated product 3.
> M.p. of product 3.
¢ Yield of isolated product 4.
4 M.p. of product 4.
¢ See experimental section.
HD
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Scheme 2. Plausible mechanism for the transformation of hydrazones (3) into [1,2,4]-triazolo[4,3-a]lquinoxalin-4(5H)-ones (4).
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Table 3
Absorption peaks of 4a, b, i-k in CHCl;.

Compd Aabs’/nm (log €)°
4a 305 (4.05)

4b 305 (4.0)

4i 308 (4.11)

4j 306 (3.91)

4k 308 (4.06)

# Maximum absorption wavelength.
b Molar absorption coefficient (in mol ~!Lem ™)
at the maximum absorption wavelength.

photochemically [26]. It was found that the absorption wavelengths of
compounds 4a, b, i-k were at 305-308 nm (Table 3), which was quite
close to the photoirradiation wavelength of transilluminator (A
312 nm) and was not absorbed by DNA.

4.1. DNA photocleavage

The photocleavage activities of compounds 3a, b, i-k and 4a, b, i-k
were evaluated quantitatively using supercoiled double-stranded
pMaxGFP plasmid DNA (0.2 pg/pl) in buffer upon irradiation with UV
light of 312 nm for 45 min (room temperature, pH 8.0) under aerobic
conditions. The excited state of these molecules, also called photo-
nucleases, initiate a series of damages which can lead to DNA photo-
cleavage and photocleave products were analyzed on a 0.8% agarose
gel. The gel mobility assay is sensitive to changes in DNA length or
conformation. The relatively fast migration is observed for the intact
supercoiled conformer (Form I) and the slower moving nicked circular
conformer (Form II) generates from supercoiled DNA when scission
occurs on one strand (nicking) [40].

4.2. Results

Fig. 2 shows gel electrophoresis separation of pMaxGFP plasmid
after incubation with the compound 4 (2 pl, 30 ug) under UV irradia-
tion. It is apparent that practically all these compounds resulted in re-
latively high amount of nicked DNA (Form II), which result from single

+ - + - + - + UV

@iae 1 2 3 4 5 6 7 8

Form I —» [ g

60| (63| |59 [66| (58| |60
40| (37] |41] (34) (42) |38
+ - + - + uv

®) Lane 1 2 3 4 5 6 7

Form Il —>
55 5 5
45| |41 42

Forml —»

1% 56

1% 44
Fig. 2. Photocleavage of 1 pl (0.2 pg/ul) closed supercoiled pMaxGFP plasmid
DNA by 4a, b, i-k at concentration of 30 pg (2 pul) in DMSO (stock conc. 15 mg/
mL) in TAE buffer (in 0.04 M Tris-borate, 0.114% acetic acid and 50 mM EDTA,
pH 8.0). In the control lane 1, compound 4 was substituted by an equivalent
volume of reaction buffer. (a) Effects of different substituents on photocleavage
(photoirradiation 312nm, 15W, 45min): lane 1: control DNA alone; lane 2:
control DNA + DMSO; lane 3: DNA and 4b (no hv); lane 4: DNA and 4b; lane 5:
DNA and 4a (no hv); lane 6: DNA and 4a; lane 7: DNA and 4i (no hv); lane 8:
DNA and 4i. (b) Effects of different substituents on photocleavage, lane 1:
control DNA alone; lane 2: control DNA + DMSO (no hv); lane 3: control
DNA + DMSO; lane 4: DNA and 4j (no hv); lane 5: DNA and 4j; lane 6: DNA and
4k (no hv); lane 7: DNA and 4k.

1% 60 60
1% 40 40

56 56
4 4
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strand damage (Fig. 2), indicating that [1,2,4]-triazolo[4,3-a]quinox-
alin-4(5H)-one derivatives (4) also can be active photonucleases. Two
clear bands were observed for the control DNA (lane 1, Fig. 2a and b).
No obvious DNA cleavage was observed (Fig. 2a and b) for controls in
which (i) DNA incubated with DMSO (2 pl) in the absence of compound
4 was left in dark (lane 2, Fig. 2b), (ii) incubation of the plasmid with
DMSO (2 ul) and UV irradiation (Fig. 2a, lane 2 and Fig. 2b, lane 3), or
(iii) incubation of the plasmid with 4b, 4a, 4i (lane 3, 5, 7, respectively,
Fig. 2a), 4j, 4k in dark (lane 4, 6, respectively, Fig. 2b) compared to
control lane 1 (DNA alone). None of the tested compounds showed DNA
cleavage in the absence of UV light (Fig. 2a, lane 3, 5, 7 and Fig. 2b,
lane 4, 6), thus demonstrating the excited states of triazoloquinox-
alinones are responsible for the DNA scission and ruling out any pos-
sibility of hydrolytic DNA cleavage. All experiments were performed in
triplicates.

It is noteworthy that compounds 4j and 4k (lane 5, 7, respectively,
Fig. 2b) with 2’-thienyl moiety are relatively stronger photocleaver than
corresponding oxygen containing counterpart 4i (lane 8, Fig. 2a) which
is in consonance with literature report [41]. Preliminary experiment
indicates that the compounds 4a, 4j and 4k acted more efficiently than
the other analogues under the identical conditions. Therefore, com-
pounds 4a and 4k were chosen to carry out time dependant and con-
centration dependant studies on photocleavage activity.

Further experiment indicated that with the prolongation of photo-
irradiation time the cleaving ability of the compounds 4k and 4a in-
creased remarkably (Fig. 3a and b), signifying it was a time-dependent
process. Control experiment using DNA + DMSO alone (Fig. 3a, lane 2)
did not show any significant cleavage of supercoiled DNA even on
longer exposure time (90 min) compared to control lane 1. Compounds
4k and 4a at concentration of 30 ug and 40 ug, respectively, cleaved
plasmid DNA completely to generate much smaller fragments which
were invisible on agarose gel (Fig. 3a, lane 8 and Fig. 3b, lane 7) under
90 min photoirradiation. In addition, there were noteworthy cleavage
enhancements in the presence of 4a (40 ug) at all time intervals (lane
3-7) and the observation of complete DNA cleavage after only 60 min
of irradiation (lane 6) as shown in Fig. 3b.

To assess the conditions that were optimal for observation of en-
hance DNA cleavage, we incubated different concentrations of 4k with
supercoiled plasmid DNA for 60 min in the presence of UV. It is evident
from Fig. 3c that compound 4k could damage the supercoiled DNA into
the relaxed circular form at concentration as low as 10 pg. It can be seen
that when the concentration of the test solution was increased from
10ug to 15ug for 4k a concentration dependent DNA cleavage was
observed (compare Fig. 3c and d, lane 3-7). But compound 4k at higher
concentrations (40 pg) could not be examined because of the pre-
cipitation of 4k in the reaction mixture. The observation of con-
centration dependence is also consistent with 4a, where incubation of
circular DNA with increasing concentration of 4a from 30 ug to 40 ug
resulted in elevated levels of nicked plasmid and the amount of Form I
diminished gradually (compare Fig. 3b and e). In contrast, the photo-
cleavage ability of 4k (15 pg) is remarkably stronger than its analog 4a
(30 ug) at less concentration, who cleaves DNA at less concentration
(45-60 min, 312nm) (Fig. 3d and e). In fact, it was found that com-
pound 4a and 4k do not promote complete conversion of Form I to
Form II even at a concentration of 30 pg (45 min, 312 nm). Compound
4k showed the promising photocleavage activity at lower concentra-
tion. Notably, cleavage by 4k, containing 5’-bromo-2’-thienyl attached
to triazole ring, was much more efficient than cleavage by 4a.

Photocleaving abilities of hydrazone derivatives 3a, b, i-k were also
examined with pMaxGFP DNA upon irradiation at 312 nm for 45 min,
using the same conditions employed for cleavage by 4, as shown in
Fig. 4. It can be seen from results that the intensity of the supercoiled
DNA (form I) band was found to decrease with compounds 3a and 3k in
contrast with other compounds.
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Fig. 3. Photocleavage of pMaxGFP DNA (Form I) (0.2 ug/pl) with 4k and 4a in
Tris-Acetate-EDTA buffer (pH 8.0) under photoirradiation through a transillu-
minator (312nm). (a) Photocleavage of DNA by 4k (30ug) at various time
intervals. Lane 1: control DNA alone (no hv); lane 2: control DNA + DMSO (hv,
90 min); lane 3-8: DNA + 4k at 0, 15, 30, 45, 60, 90 min irradiation, respec-
tively. (b) Time dependence of photocleavage for 4a. Lane 1: control
DNA + DMSO (no hv); lane 2-7: DNA and 4a (40 pg) (hv, 0, 15, 30, 45, 60,
90 min), respectively. (c) Photocleavage of compound 4k. Lane 1: control DNA
alone (no hv); lane 2: control DNA + DMSO (hv, 60 min); lane 3-7: DNA + 4k
at the concentration of 10 ug at 0, 15, 30, 45, 60 min irradiation, respectively.
(d) Concentration dependent photocleavage of DNA by 4k. Lane 1: control DNA
alone (no hv); lane 2: control DNA + DMSO (hv, 60 min); lane 3-7: DNA and 4k
at the concentration of 15ug at 0, 15, 30, 45, 60 min irradiation, respectively.
(e) Concentration dependent photocleavage of DNA by 4a. Lane 1: control DNA
alone (no hv); lane 2: control DNA + DMSO (hv, 60 min); lane 3-7: DNA and 4a
at the concentration of 30 ug at 0, 15, 30, 45, 60 min irradiation, respectively.

4.3. Mechanistic studies

The mechanistic aspects of the photoinduced pMaxGFP DNA clea-
vage activity of 4k were investigated through the use of different ad-
ditives as potential inhibitors/activator and typical results are shown in
Fig. 5. Typically, photocleavage of DNA could proceed via a variety of
mechanisms involving hydrogen abstraction, electron transfer, reactive
oxygen species (ROS) viz. hydroxyl radical, superoxide anion radical,
and singlet oxygen. Control experiment shows that .-histidine (singlet
oxygen quencher) significantly increased the DNA photocleavage ac-
tivity (lane 3), which indicated that the singlet oxygen (*O,) (Type II
mechanism) may not be involved in the DNA damage. Elimination of
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Fig. 4. Ethidium bromide stained agarose gel (0.8%) showing light induced
cleavage of 200 ng supercoiled circular pMaxGFP plasmid DNA (Form I) to
relaxed circular DNA (Form II) by 3 pl of compounds 3a, 3b, 3j (30 ug, stock
solution 10 mg/mL) and 3i, 3k (15 g, stock solution 5mg/mL) upon irradia-
tion of UV light (312nm) in a TAE buffer under aerobic condition at room
temperature for 45 min. Lane 1: control DNA alone (no hv); lane 2: control
DNA + DMSO; lane 3: DNA + 3j; lane 4: DNA + 3k; lane 5: DNA + 3b; lane 6:
DNA + 3a; lane 7: DNA + 3i.
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Fig. 5. Cleavage of pMaxGFP DNA by compound 4k (30 ug) on photoirradia-
tion at 312nm for 45min in presence of different additives. Lane 1: DNA
control; Lane 2: DNA and 4k (no additive); Lane 3-8: DNA and 4k in the pre-
sence of vr-histidine (10mM), DTT (50mM), mannitol (50 mM), sodium
benzoate (50 mM), D,O (1 ul), KI (50 mM), respectively.

10, as ROS is further substantiated by another experiment (lane 7)
where in activator D,O, a 'O, enhancer, does not exhibit any en-
hancement of cleaved supercoiled DNA. Photoirradiation of 4k in the
presence of different hydroxyl radical (OH") scavengers such as man-
nitol (lane 5) and sodium benzoate (lane 6) showed no apparent in-
hibition in cleavage of supercoiled DNA, however, in presence of KI
(lane 8), another hydroxyl radical scavenger, little inhibition (%) was
observed on the cleavage efficiency.

Interestingly, the addition of dithiothreitol (DTT) (lane 4), a good
superoxide anion radical scavenger, notably inhibits the potential of 4k
towards photocleavage activity, suggesting that compound 4k might
cleave DNA via oxidative pathway (Type I mechanism) and superoxide
anion radical (O ") is likely to be the primary reactive species re-
sponsible for the cleavage of DNA. Thus, it was believed that electron
transfer to the molecular oxygen from the photo-excited compound 4k
to form superoxide radical anion plays a major role in the photodamage
of DNA besides radicals produced by the C=N bond in triazole ring
and/or the C=0 bond via photo-excited 3(n-n") and/or 3(-n") states
upon photoirradiation [42]. Yang et al reported that isoquinolino[5,4-
ablphenazine derivatives photocleaved DNA through superoxide anion
and radical based mechanism [43]. Fig. 6 shows the bar diagram re-
presentation of the percentage of cleavage for compound 4k in presence
of additives. Error bars are based upon standard deviation. Higher
electron densities of the triazoloquinoxalinone chromophores (Fig. S2,
Supporting Information) might be responsible to grant these com-
pounds stronger abilities of transferring electrons, which were from
their chromophores to oxygen to form superoxide anions responsible
for photocleavage under photo-activation.

5. Conclusion

In summary, the present study provides a convenient, superior and
environmentally benign protocol for synthesizing new [1,2,4]-triazolo
[4,3-alquinoxalin-4(5H)-ones in terms of shorter reaction time, in-
creased yields, minimal purification of the products and operational
simplicity compared to the conventional methods and illustrates the
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Fig. 6. Bar diagram representing the effect of different additives on relative
amounts of the two forms of pMaxGFP DNA on photoirradiation in the presence
of compound 4k (30 pg). Reported values reflect the average of three experi-
ments and results are expressed as mean * S.D. Data were analyzed with
Image J software from NIH.

generality and versatility of I(III) as an oxidizing agent. The data from
preliminary studies revealed that [1,2,4]-triazolo[4,3-a]quinoxalin-
4(5H)-ones exhibit promising DNA photocleaving activities and the
cleavage efficiency was substrate, concentration and time dependent.
The mechanism experiments showed that superoxide anion radical
(Type 1) is mainly responsible for photocleavage. Compound 4k could
be a promising candidate for further photobiological applications such
as photodynamic therapeutic and chemotherapeutic.

6. Experimental

Melting points were determined in open capillaries using a melting
point apparatus and are not corrected. The IR spectra were recorded on
a Buck Scientific IR M-500 spectrophotometer in KBr discs (vpax in
em™1). 'H (300 MHz and 400 MHz) and '3C NMR (100 MHz) spectra
were recorded on a Bruker AV-300 or Bruker AV-400 NMR spectro-
meter using DMSO-dg or CDCl; as a solvent with tetramethylsilane as
internal reference. Chemical shifts are reported in parts per million
(ppm) and coupling constants J in Hz. High resolution mass spectra
(HRMS) were measured in ESI* mode on a Xevo G2-S QTOF mass
spectrometer (Waters, USA) at Materials Research Centre, MNIT,
Jaipur, India. The electronic absorption spectra of compounds 4a, b, i-k
(dissolved in chloroform to give 10* M solutions) were recorded on a
Smart UV-2202 UV-Vis systronics double beam spectrophotometer
(700-200 nm) at room temperature. Data were reported in Apa,/nm. 3-
Hydrazinoquinoxalin-2(1H)-one 2 was prepared according to the lit-
erature procedure [36].

6.1. General procedure for the synthesis of 3-(2-(aryl/heteroarylidene)
hydrazinyl)-quinoxalin-2(1H)-ones (3a-k)

3-Hydrazinoquinoxalin-2(1H)-one (2) (0.3 g, 1.7 mmol) was dis-
solved in 20 mL ethanol and appropriate aldehyde (1.7 mmol) was
added. The reaction mixture was heated under reflux for 2h and then
mixture was allowed to cool at room temperature. The solid residue
thus obtained was collected by filteration, dried and recrystallized from
ethanol to afford 3-(2-(aryl/heteroarylidene)hydrazinyl)-quinoxalin-
2(1H)-ones 3.

6.1.1. (E)-3-(2-(4’-Bromobenzylidene)hydrazinyl)-quinoxalin-2(1H)-one
(3d)

IR: 3155 (N—H str), 1682 (C=0), 1620 (C=N); 'H NMR (400 MHz,
DMSO-dg) 8: 7.19-7.24 (m, 3H, quinox-5-H, 6-H, 7-H), 7.52-7.54 (dd,
1H, J, = 8.4 Hz, J,, = 1.76 Hz, quinox-8-H), 7.67 (m, 4H, Ph-3",5",2,6'-
H), 8.56 (s, 1H, N=C—H), 11.30 (s, 1H, NH, D,0 exchangeable), 12.41
(s, 1H, amide NH, D,O exchangeable); 13C NMR (100 MHz, DMSO-dg)
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8: 115.52, 123.16, 123.98, 125.28, 126.07, 129.14, 129.25, 130.83,
132.08, 132.29, 133.23, 134.54, 145.78, 146.57, 151.26. Anal. Calcd.
for C;5H1,BrN4O: C, 52.50; H, 3.23; N, 16.33. Found: C, 52.69; H, 3.53;
N, 16.57%.

6.1.2. (E)-3-(2-(4’-Methylbenzylidene)hydrazinyl)-quinoxalin-2(1H)-one
(3e)

IR: 3155 (N—H str), 1674 (C=0), 1605 (C=N); 'H NMR (400 MHz,
DMSO-dg) 8: 2.35 (s, 3H, 4’-CH3), 7.18-7.22 (m, 3H, quinox-5, 6, 7-H),
7.27-7.29 (d, 2H, J,=7.96Hz, Ph-3’,5-H), 7.52-7.54 (d, 1H,
J, = 8.24 Hz, quinox-8-H), 7.61-7.63 (d, 2H, J, = 8.0 Hz, Ph-2’,6’-H),
8.54 (s, 1H, N=C—H), 11.16 (s, 1H, NH, D,0 exchangeable), 12.38 (s,
1H, amide NH, D,O exchangeable); 13C NMR (100 MHz, DMSO-dg) 8:
21.51, 115.49, 123.98, 125.06, 125.92, 127.37, 129.07, 129.12,
129.70, 129.89, 132.51, 133.35, 139.88, 146.57, 147.32, 151.31. Anal.
Calcd. for C;6H14N40: C, 69.05; H, 5.07; N, 20.13. Found: C, 69.52; H,
5.16; N, 20.38%.

6.1.3. (E)-3-(2-(2’,5’-Dimethoxybenzylidene) hydrazinyl)-quinoxalin-
2(1H)-one (3g)

IR: 3194 (N—H str), 1674 (C=0), 1612 (C=N); 'H NMR (400 MHz,
DMSO-dg) 8: 3.79 (s, 3H, 5-OCHs), 3.83 (s, 3H, 2’-OCH3), 6.97-7.01
(dd, 1H, J, = 9.42 Hz, J,,, = 2.96 Hz, Ph-4’-H), 7.03-7.06 (m, 2H, Ph-3’-
H, quinox-5-H), 7.18-7.21 (m, 2H, quinox-6, 7-H), 7.44-7.45 (d, 1H,
Jn = 2.84Hz, Ph-5-H), 7.51-7.53 (d, 1H, J, = 6.92 Hz, quinox-8-H),
8.87 (s, 1H, N=C—H), 11.30 (s, 1H, NH, D,O exchangeable), 12.36 (s,
1H, amide NH, DO exchangeable); '*C NMR (100 MHz, DMSO-de) 8:
(E-Z mixture) 56.01, 56.12, 56.49, 56.83, 110.42, 112.57, 113.64,
113.85, 115.45, 117.06, 118.30, 122.24, 123.41, 123.89, 124.25,
125.05, 125.98, 126.45, 129.20, 133.30, 142.70, 145.76, 146.65,
151.26, 152.59, 152.83, 153.39, 153.75, 155.29. Anal. Calcd. for
C17H16N403: C, 62.95; H, 4.97; N, 17.27. Found: C, 62.62; H, 4.69; N,
17.45%.

6.1.4. (E)-3-(2-(3’,4’-Dimethoxybenzylidene)hydrazinyl)-quinoxalin-
2(1H)-one (3h)

IR: 3248 (N—H str), 1674 (C=0), 1612 (C=N); 'H NMR (400 MHz,
DMSO-dg) 8: 3.82 (s, 3H, 4-OCH3), 3.85 (s, 3H, 3’-OCH3), 7.03-7.06
(m, 2H, quinox-5-H, Ph-5’-H), 7.18-7.21 (m, 3H, quinox-6, 7-H, Ph-6’-
H), 7.34 (m, 1H, Ph-2’-H), 7.51-7.52 (m, 1H, quinox-8-H), 8.50 (s, 1H,
N=C—H), 11.07 (s, 1H, NH, D,0 exchangeable), 12.37 (s, 1H, amide
NH, D50 exchangeable); 13C NMR (100 MHz, DMSO-dg) 8: 56.06, 56.1,
109.15, 112.10, 115.46, 121.78, 123.92, 124.89, 125.87, 127.99,
129.08, 133.40, 146.49, 147.54, 149.51, 150.94, 151.33. Anal. Calcd.
for C17,H,6N403: C, 62.95; H, 4.97; N, 17.27. Found: C, 63.12; H, 4.81;
N, 17.63%.

6.1.5. (E)-3-(2-(Thiophen-2’-ylmethylidene)hydrazinyl)-quinoxalin-
2(1H)-one (3j)

IR: 3297 (N—H str), 1674 (C=0), 1612 (C=N); 'H NMR (300 MHz,
DMSO-dg) 6: 7.12-7.15 (d, 1H, J, = 8.1 Hz, quinox-5-H), 7.20-7.21 (m,
3H, quinox-6, 7, 8-H), 7.37-7.38 (d, 1H, Js,, 4 = 2.7 Hz, thiophene-3’-
H) 7.51-7.53 (d, 1H, J4, 5» = 5.1 Hz, thiophene-4’-H), 7.63-7.65 (d, 1H,
J4, 5» = 4.8 Hz, thiophene-5"-H), 8.78 (s, 1H, N=C—H), 11.24 (s, 1H,
NH, D,0 exchangeable), 12.40 (s, 1H, amide NH, D,O exchangeable);
13C NMR (100 MHz, DMSO-dg) &: 115.12, 123.65, 124.59, 125.57,
127.78, 128.36, 128.56, 130.01, 132.76, 139.48, 141.27, 146.03,
150.92. HRMS: m/z 271.0657 [M + 11" (C;3H;oN4OS [M + 1]1* re-
quires 271.0653). Anal. Calcd. for C;3H;0N4OS: C, 57.76; H, 3.73; N,
20.73. Found: C, 57.82; H, 3.61; N, 20.92%.

6.1.6. (E)-3-(2-(5’-Bromothiophen-2’-ylmethylidene)hydrazinyl)-
quinoxalin-2(1H)-one (3k)

IR: 3155 (N—H str), 1674 (C=0), 1605 (C=N); 1H NMR (400 MHz,
DMSO-dg) 8: 7.09-7.32 (m, 5H, thiophene-3’-H, quinox-5, 6, 7, 8-H),
7.51-7.52 (d, 1H, J4, s = 5.1Hz, thiophene-4’-H), 8.77 (s, 1H,
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N=C-H), 11.37 (s, 1H, NH, D50 exchangeable), 12.33 (s, 1H, amide
NH, D,O exchangeable); *C NMR (100 MHz, DMSO-ds) 8: 115.51,
116.81, 123.92, 124.25, 126.06, 128.91, 129.14, 131.75, 133.00,
142.02, 146.21, 147.51, 151.21. Andal. Caled. for C;3HoBrN,4OS: C,
44.71; H, 2.60; N, 16.04. Found: C, 44.82; H, 2.81; N, 16.42%.

6.2. General procedure for cyclization of hydrazones (3a-k) to 1-aryl/
heteroaryl-[1,2,4]-triazolo[4,3-a]quinoxalin-4(5H)-ones (4a-k)

To a stirred suspension (or) solution of hydrazone (3) (1.0 mmol) in
dichloromethane (20 mL) was added IBD (0.354 g, 1.1 mmol) in small
portions over a period of five minutes at room temperature. The reac-
tion mixture was allowed to stir for about 2 h or till the completion of
reaction as monitored by TLC. Excess of dichloromethane was distilled
off in vacuo and the residual mass was triturated with petroleum ether
to give solid product which was recrystallized from ethanol.

6.2.1. 1-(4’-Bromophenyl)-[1,2,4]-triazolo[4,3-a]quinoxalin-4(5H)-one
(4d)

IR: 1682 (C=0), 1612 (C=N); 1H NMR (400 MHz, DMSO-dg) 8:
7.05-7.12 (m, 2H, quinox-6-H, 7-H), 7.37-7.42 (m, 2H, quinox-5-H, 8-
H), 7.69-7.72 (td, 2H, J, = 8.56, J, =1.96, J,, = 2.36, Ph-3’, 5’-H),
7.88-7.91 (td, 2H, J, = 8.56, J,, = 2.32, J, = 1.96, Ph-2/, 6’-H), 12.12
(s, 1H, amide NH, D0 exchangeable); *C NMR (100 MHz, DMSO-dg)
8: 116.70, 117.67, 121.25, 123.23, 125.19, 127.87, 128.26, 129.89,
132.44, 132.74, 144.90, 150.24, 152.33. HRMS: m/z 340.9970
[M + 1]F, 342.9951 [M + 1 + 2]" in the ratio showing typical bro-
mine isotope profile (1:1), (C;5HoBrN4O [M + 1] requires 341.0038).
Anal. Calced. for C;sHoBrN4O: C, 52.81; H, 2.66; N, 16.42. Found: C,
53.03; H, 2.88; N, 16.18%.

6.2.2. 1-(4’-Methylphenyl)-[1,2,4]-triazolo[4,3-a]quinoxalin-4(5H)-one
(4e)

IR: 1682 (C=0), 1612 (C=N); 'H NMR (400 MHz, DMSO-d¢) &:
2.48 (s, 3H, 4-CH3), 7.00-7.05 (dt, 1H, J, = 8.56 Hz, J,, = 2.08 Hz,
quinox-6-H), 7.11-7.13 (d, 1H, J, = 8.08 Hz, quinox-7-H), 7.35-7.42
(m, 2H, quinox-5, 8-H), 7.47-7.49 (d, 2H, J, = 7.88 Hz, Ph-3’, 5’-H),
7.60-7.62 (d, 2H, J, = 8.04 Hz, Ph-2’, 6’-H), 12.10 (s, 1H, amide NH,
D,0 exchangeable); '3C NMR (100 MHz, DMSO-dg) §: 21.61, 116.56,
117.63, 121.37, 123.03, 125.67, 126.95, 128.16, 129.44, 129.90,
130.20, 141.25, 144.71, 151.20, 152.41. HRMS: m/z 277.1083
[M+1]", 278.1106 [M + 2]* (CH12N4O [M + 1]  requires
277.1089). Anal. Caled. for C;6H;2N4O: C, 69.55; H, 4.38; N, 20.28.
Found: C, 69.72; H, 4.61; N, 20.57%.

6.2.3. 1-(2’,5’-Dimethoxyphenyl)-[1,2,4]-triazolo[4,3-a]quinoxalin-
4(5H)-one (4g)

IR: 1682 (C=0), 1612 (C=N); 'H NMR (400 MHz, DMSO-d¢) &:
3.60 (s, 3H, 2-OCHjs), 3.79 (s, 3H, 5-OCHs), 7.06-7.08 (m, 2H, quinox-
6, 7-H), 7.17-7.18 (d, 1H, J,, = 2.92 Hz, Ph-6’-H), 7.23-7.25 (d, 1H,
J, = 9.04 Hz, Ph-3’-H), 7.28-7.31 (dd, 1H, J, = 9.12Hz, J,, = 3.0 Hz,
Ph-4-H), 7.40-7.42 (m, 2H, quinox-5, 8-H), 12.14 (s, 1H, amide NH,
D,O exchangeable); '*C NMR (100 MHz, DMSO-dg) &: 56.20, 56.48,
113.64, 116.14, 117.31, 117.49, 117.87, 118.49, 121.25, 123.37,
128.33, 129.55, 144.57, 148.35, 152.04, 152.23, 153.72. HRMS: m/z
323.1067 [M + 117, 324.1095 [M + 2]* (C17H14N4O3 [M + 117 re-
quires 323.1144). Anal. Caled. for C;,H14N4O3: C, 63.35; H, 4.38; N,
17.38. Found: C, 63.69; H, 4.03; N, 17.81%.

6.2.4. 1-(3’,4’-DimethoxyphenyD-[1,2,4]-triazolo[4,3-a]quinoxalin-
4(5H)-one (4h)

IR: 1682 (C=0), 1620 (C=N); 'H NMR (400 MHz, DMSO-d¢) &:
3.76 (s, 3H, 4’-OCH3), 3.90 (s, 3H, 3’-OCHj3), 7.05-7.09 (dt, 1H,
J, =8.6Hz, J,=232Hz, quinox-6-H), 7.17-7.19 (d, 1H,
J, = 8.12Hz, quinox-7-H), 7.21-7.24 (d, 1H, J, = 8.28 Hz, Ph-5"-H),
7.26-7.28 (dd, 1H, J, = 8.2 Hz, J,, = 1.84 Hz, Ph-6’-H), 7.30-7.31 (d,

Bioorganic Chemistry 88 (2019) 102932

1H, J,, = 1.84 Hz, Ph-2’-H), 7.38-7.42 (m, 2H, quinox-5, 8-H), 12.08 (s,
1H, amide NH, D,0 exchangeable); *C NMR (100 MHz, DMSO-ds) &:
56.13, 56.24, 112.44, 113.55, 116.79, 117.57, 120.36, 121.42, 123.11,
123.22, 128.15, 129.87, 144.55, 149.40, 151.19, 152.39. HRMS: m/z
323.1132 [M + 11%, 324.1159 [M + 2]+ (C17H14N4O3 [M + 117 re-
quires 323.1144). Anal. Calcd. for C;7H14N403: C, 63.35; H, 4.38; N,
17.38. Found: C, 63.21; H, 4.66; N, 17.77%.

6.2.5. 1-(Thiophen-2’-yD)-[1,2,4]-triazolo[4,3-a]quinoxalin-4(5H)-one
4

IR: 3140 (N—H str), 1682 (C=0), 1612 (C=N); H NMR (300 MHz,
DMSO-dg) 8: 7.06-7.11 (t, 1H, J, = 8.4 Hz, quinox-6-H), 7.22-7.25 (d,
1H, J, = 8.4 Hz, quinox-7-H), 7.38-7.39 (dd, 1H, Js’ 4/=5.1Hz, J3’
4+ =3.9Hz, thiophene-4-H), 7.39-7.43 (m, 2H, quinox-5, 8-H),
7.64-7.66 (d, 1H, J5’ 4/ = 3.3 Hz, thiophene-3’-H), 8.04-8.06 (d, 1H,
J4' 5" = 5.1Hz, thiophene-5-H), 12.12 (s, 1H, amide NH, DO ex-
changeable); 13C NMR (100 MHz, DMSO-dg) 8: 116.35, 117.65, 121.27,
123.18, 127.25, 128.42, 128.69, 129.97, 131.68, 132.60, 145.20,
145.43, 152.21. HRMS: m/z 269.0501 [M + 1]1* (C;3HgN4OS
[M + 1] requires 269.0497). Anal. Calcd. for C,3HgN,40S: C, 58.20; H,
3.01; N, 20.88. Found: C, 57.92; H, 3.15; N, 20.92%.

6.2.6. 1-(5’-Bromothiophen-2’-yD)-[1,2,4]-triazolo[4,3-a]quinoxalin-
4(5H)-one (4k)

IR: 1680 (C=0), 1612 (C=N); H NMR (300 MHz, CDCl;) 8&:
6.87-6.89 (d, 1H, J, = 8.1 Hz, quinox-6-H), 6.92-6.95 (m, 1H, quinox-
7-H), 7.10-7.15 (m, 2H, thiophene-4’, 3’-H), 7.17-7.20 (d, 1H,
J, = 7.8 Hz, quinox-5-H), 7.33-7.36 (d, 1H, J, = 8.7 Hz, quinox-8-H),
12.09 (s, 1H, amide NH, D,O exchangeable); *C NMR (100 MHz,
DMSO-dg) 8: 115.63, 116.21, 118.00, 123.25, 123.40, 125.42, 128.43,
129.46, 130.82, 132.09, 144.97, 148.03, 152.71. Anal. Calcd. for
C13H,BrN4OS: C, 44.97; H, 2.03; N, 16.14. Found: C, 45.29; H, 2.43; N,
16.45%.

7. Biological activity
7.1. Material

The DMSO, ethylenediaminetetraacetic acid (EDTA) and ethidium
bromide (EtBr) were purchased from Sigma-Aldrich, USA. pMaxGFP
plasmid was obtained from Lonza. Stock solutions of compound 4
(15mg/mL) and 3a, 3b, 3j (10 mg/mL) and 3i, 3k (5mg/mL) were
prepared in DMSO and stored in brown containers in the refrigerator.
All gel electrophoresis experiments were performed in 1 X TAE buffer
(0.04 M Tris-borate, 0.114% acetic acid and 50 mM EDTA, pH 8.0).
Quantification of cleavage efficiency was performed by integration of
the optical density as a function of the band area using the Image J
Software (recommended by NIH, USA) [44].

7.2. DNA photocleavage assays

The DNA photoactivated cleavage experiments were performed by
treating 0.2 pug/pl of supercoiled pMaxGFP plasmid (Lonza) DNA in the
TAE buffer with the compound 4 or 3 (presence/absence) dissolved in
DMSO at room temperature and the solution was then irradiated at
ambient atmospheric pressure under aerobic condition for the indicated
time using a UV-lamp (312 nm, 15 W). Reactions were also performed
without irradiation as control. After illumination all reactions were
quenched by adding 2ul of 6 x gel loading dye (containing 0.25%
bromophenol blue in 30% glycerol) in TAE buffer. Cleavage products
were electrophoresed for 45-60 min in TAE buffer at 120V on a 0.8%
agarose gel by using BioRad electrophoresis system. The nicked and
supercoiled forms of pMaxGFP plasmid DNA were then visualized by
staining the gel with fluorescent and DNA intercalating dye i.e. ethi-
dium bromide (0.5 pg/mL). The gel was washed with water and DNA
bands were visualized and photographed on a ChemiDoc XRS + CCD
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camera (BioRad) with fluorescence chemiluminescence and visible
imaging system. Amounts of supercoiled (form I) and nicked DNA (form
II) were then quantified from the intensities of the bands using Image J
software. In order to identify ROS responsible for DNA cleavage, control
experiments were performed using several additives as potential in-
hibitors/activator that was added to supercoiled DNA prior to the ad-
dition of compounds. 1-Histidine (10 mM) was used as 'O, quencher,
DTT (50 mM) was used as a O, * quencher, mannitol (50 mM), sodium
benzoate (50 mM) and KI (50 mM) were used as OH' scavengers.
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