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ABSTRACT. The quinobenzoxazines, a group of structural analogues of the antibacterial fluoroquinolones,
are topoisomerase Il inhibitors that have demonstrated promising anticancer activity in mice. It has been
proposed that the quinobenzoxazines form a 2:2 drugtMeplf-assembly complex on DNA. The
guinobenzoxazineg-A-62176 is photochemically unstable and undergoes a DNA-accelerated photochemi-
cal reaction to afford a highly fluorescent photoproduct. Here we report that the irradiation of both
supercoiled DNA and DNA oligonucleotides in the presenceSpA-62176 results in photochemical
cleavage of the DNA. The§[-A-62176-mediated DNA photocleavage reaction require$Mghotochemi-

cal cleavage of supercoiled DNA b¥)¢A-62176 is much more efficient that the DNA photocleavage
reactions of the fluoroquinolones norfloxacin, ciprofloxacin, and enoxacin. The photocleavage of supercoiled
DNA by (9-A-62176 is unaffected by the presence of SOD, catalase, or other reactive oxygen scavengers,
but is inhibited by deoxygenation. The photochemical cleavage of supercoiled DNA is also inhibited by
1 mM KI. Photochemical cleavage of DNA oligonucleotides By-£A-62176 occurs most extensively at

DNA sites bound by drug, as determined by DNase | footprinting, and especially at certain G and T
residues. The nature of the DNA photoproducts, and inhibition studies, indicate that the photocleavage
reaction occurs by a free radical mechanism initiated by abstraction of-thed 1-hydrogens from the

DNA minor groove. These results lend further support for the proposed DNA binding model for the
guinobenzoxazine 2:2 drug-Mgcomplex and serve to define the position of this complex on the minor
groove of DNA.

The synthetic quinobenzoxazines are a new class ofthe presence of Mg (15) with one drug molecule interca-
antineoplastic agentsl,(2). Although they are structural lated into DNA base pairs and the second drug molecule
analogues of the antibacterial fluoroquinolones such asexternally bound through the interactions with the DNA
norfloxacin and ciprofloxacin, these two classes of com- groove (L1).
pounds have distinct biological activities. While the quinoben-

zoxazines display in vitro and in vivo anticancer activigy (  aqueous solutions. Irradiatiorr 800 nm) of quinobenzox-

3) and are mammaliad( 5) topoisomerase Il inhibitors, the  57ine solutions produces photoproducts, one of which is
typical fluoroquinolones have no antitumor activity and are strongly fluorescent with an emission peak at 442 1).(
normally bacterial topoisomerase Il (gyrase) or topoisomeraseThs photoreaction is greatly accelerated in the presence of
IV inhibitors (6—10). The extended planar tetracyclic chro- pNA and Mg due to the formation of the specific drtg
mophore of the quinobenzoxazines enables them to intercaMgz+ intercalation complex with DNA. The photoreaction
late into duplex DNA 1), while fluoroquinolones with the  js”hronosed to be initiated by electron transfer from a
fused bicyclic ring system prefer to bind to single-stranded g,inghenzoxazine molecule in its photoexcited state to an
DNA or to a duplex DNA-gyrase complex12—14). The  gjectron acceptor. The drug radicals thus formed can react
intercalation complex of the qumobenzoxazm_es W|t_h duplex \yith available chemical species in the solution, such as
DNA h%f been proposed to involve a drug dimer linked by g ent, cellular components such as DNA, or even parent
two Mg?" ions. This drug-Mg" dimer is readily formed in drug molecules, to form photoproducts5|. Due to the

solution, even from micromolar concentrations of drug, in possible DNA damage by drug radicals, these antibacterial/
anticancer agents may be phototoxic. In fact, many fluoro-
* This work was supported by the United States Public Health Service quinolones have been found to be phototodi6{19), and
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The quinobenzoxazines are photosensitive in neutral
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Chart 1
77-mer DNA
(+) 5’ CGCAGCGCGCGATTGAAGCGGCGCACGAAAAACGCGAAAGCGTTTCACGATAAATGCGAAAACTTGCAACGCGCTGT
(=) 37

3°
TCGCGCGCTAACTTCGCCGCGTGCTTTTTGCGCTTTCGCAAAGTGCTATTTACGCTTTTGAACGTTGCGCGACAGCG 57

In this paper, we present a study of the photosensitized The B-end-labeled single-stranded oligonucleotides were
DNA damage to both phage DNA and DNA oligonucleotides obtained by incubating the oligonucleotides with T4 poly-
due to the quinobenzoxazin&){A-62176, §-1-(3-ami- nucleotide kinase ang/{3?P]ATP. The labeled single strands
nopyrrolidin-1-yl)-2-fluoro-4-oxo-4H-quino[2,3,4-ij][1,4]- ~ were annealed with their unlabeled complementary strands
benzoxazine-5-carboxylic acid. The photodamage to DNA to make the {) or (—) strand end-labeled duplex DNA,
by (9-A-62176 produces multiple types of products includ- which were then purified by electrophoresis on an 8% native
ing frank strand breakage products and a base-labile productpolyacrylamide gel.

Through studies of agents that quench the fluorescence of The 3-end-labeled 18-mer DNA was obtained by enzy-

DNA-bound §-A-62176, the photocleavage of DNA bg)¢
A-62176, and the DNA-facilitated photoreaction &-A-

62176, a free radical DNA cleavage mechanism is proposed.

The DNA photocleavage byS[-A-62176 provides further
evidence for and refinements in the previously proposed
dimeric intercalation DNA binding model for this class of
compounds.

(0]
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(S5)-A62176 Norfloxacin R = ethyl
Ciprofloxacin R = cyclopropyl

MATERIALS AND METHODS

Materials, Enzymes, and Drug¥he quinobenzoxazine
(9-A-62176 and its racemic 5-descarboxy derivative (dC-
A-62176) were kindly provided by Abbott Laboratoriels (
2). Bleomycin was a gift from Dr. Daekyu Sun (Institute
for Drug Development, San Antonio, TX). Norfloxacin,
ciprofloxacin, and enoxacinpX-174 phage DNA, SOD,
catalase, and ferrous ammonium sulfate were purchased fro
Sigma. EDTA and MB were from Fisher Scientific. NagH
MgCl; (99.99%), 2-propanol, glycerol, DMSO, TMP, thio-
urea, DTT, and Napwere from Aldrich. Electrophoretic
reagents (acrylamideN,N'-methylenebisacrylamide, am-
monium persulfate) were from J. T. Baker, Inc. T4 poly-
nucleotide kinase, Klenow fragment of DNA polymerase I,
DNase | and §-3?P]JATP were from Amersham.

Preparation and End-Labeling of Oligonucleotiddhe
15-mer, 18-mer, 26-mer, and 77-mer DNA (Chart 1) were
synthesized on an Applied Biosystems 381A DNA synthe-
sizer using standard phosphoramidite chemistry. The oligo-
nucleotides were cleaved from the column material by

concentrated ammonium hydroxide (Fisher) and the resulting

solution was heated overnight at 55 to afford deprotected
material. The single-stranded DNA fragments were purified
by electrophoresis on a 12% preparative denaturing poly-
acrylamide gel.

1 Abbreviations: DMSO, dimethyl sulfoxide; DTT, dithiothreitol;
EDTA, N,N,N',N'-ethylenediaminetetraacetic acid; HEPBS(2-hy-
droxyethyl)piperazineN'-(2'-ethanesulfonic acid); MB, methylene blue;
SOD, superoxide dismutase; TMP, 2,2,5,5-tetramethylpiperidine.

matic extension of the'&nd of the 15-18 mer DNA (Chart
1) with the Klenow fragment of DNA polymerase | and
[a-*?P]dATP and cold dCTP. The labeled DNA was sepa-
rated from unincorporatedxf3?P]JdATP by electrophoresis
on a native 20% polyacrylamide gel.

26-mer DNA

5 "GAAAGCGTTTCACGATAAATGCGAAA 3~
3 "CTTTCGCAAAGTGCTATTTACGCTTT 5°

18-mer DNA

5 "CAGGCTTTGCGATCGCCA 3~
3 "GTCCGAAACGCTAGCGGT 57

15—-18-mer DNA for 3-end labeling

5 “CAGGCTTTGCGATCG 37
3 “GTCCGAAACGCTAGCGGT 5°

Photoclearage of ®X-174 phage DNA®X-174 phage
DNA (80 uM in base pairs) was incubated with various
amounts of drug in 6QiL of a buffer containing 2 mM
MgCl, and 20 mM sodium phosphate (pH 7.5), in the

resence of free radical/singlet oxygen scavengers: sNaN
0.1-10 mM), DTT (0.2-10 mM), DMSO (0.10.5 M),
TMP (0.1-0.5 M), 2-propanol (0.£0.5 M), ethylene glycol
(0.1-0.5 M); fluorescence quencher KI (1 or 10 mM); or
enzymes: SOD (2xg/mL) and catalase (2bg/mL). The
samples were loaded onto a 24-well Titertek microtiter plate
(ICN) and either allowed to stand at room temperature under
ambient light or placed on top of a Pyrex glass shield and
irradiated with an 85 W Xe lamp (George W. Gates, Inc.).
The lamp was placed 12 cm directly underneath the Pyrex
glass filter, which served to eliminate DNA damage caused
directly by UV irradiation. A stream of cool air blowing on
the bottom of the Pyrex glass prevented heating of the sample
during the irradiation. During the irradiation, the Titertek
plate was rotated every 15 min to average the effects of the
light inheterogeneity. Samples were irradiated for various
times, then placed in the dark before loading onto an agarose
gel. After irradiation, &L of loading dye (0.25% bromophe-
nol blue, 0.25% xylene cyanol and 25 mM EDTA in 50%
glycerol) was added to each sample, and each sample was
loaded onto a 0.8% agarose gel containing ethidium bromide
(0.5ug/mL). After electrophoresis at 90 V for approximately
3 h, the DNA was visualized by UV light and photographed
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with Polaroid 667 film. Quantification of the three forms of
DNA, supercoiled (form 1), linear (form IIl), and nicked
circular (form 1) was done by densitometric scanning of the
film negative and corrected for the decreased binding of
ethidium bromide to supercoiled DNA (70% staining ef-
ficiency, assuming 100% staining efficiency for both the
relaxed and linear DNA) (25).

Quenching of the Fluorescence and Photoreaction of (S)-
A-62176 by Various ReagentSluorescence emission in-
tensities at 500 nm (380 ng of a 5uM solution of (-
A-62176 (2 mM MgC}, 20 mM sodium phosphate, pH 7.5)
in the presence of 86M calf thymus DNA were measured

Yu et al.

conditions on the nature of the photocleavage products, the
sample from one single photocleavage reaction was divided
into 4 aliquots: one aliquot was subjected to ethanol
precipitation; the other three aliquots were treated with
NaBH,, piperidine, and NaOH, respectively. (1) NaBHa
solution of NaBH (1 M, freshly prepared in water) was
added in three equal portions at 30-min intervals to a final
concentration of 0.3 M. Excess NaBivas destroyed by
glacial acetic acid as described previougg)( followed by
ethanol precipitation. (2) Piperidine: the aliquot was heated
at 95°C with 0.1 M piperidine for 20 min before ethanol
precipitation. (3) NaOH: the aliquot was heated with 0.1 M

at various concentrations of added fluorescence quenchingNaOH at 90°C for 3 min before ethanol precipitation.
agents. The concentration of each quenching agent necessary DNA Cleavage by BleomycinThe 3-end-labeled duplex
to cause a 50% decrease in the intensity of the fluorescencedNA (5 uM in base pairs) in 4@L of a buffer containing

emission by §-A-62176 CEO) was obtained from plots of

50 mM HEPES (pH 7.5), 100 mM NaCl, and 0.48/uL

the fluorescence intensity versus quencher concentrationscalf thymus DNA was incubated with 40 of 500 uM of

The inhibition of the photodegradation @){A-62176 by
these reagents was also determined. Solutiong(Sttal
volume in 20 mM sodium phosphate at pH 7.5) ofi§l
(9-A-62176 containing 8@M calf thymus DNA and various

concentrations of quenching agents were irradiated for 5 min

in a quartz cuvette under argon with an 85 W xenon lamp
as described above. After irradiation, the fluorescence
emission intensity of the photoproduétsfosmi) Was mea-
sured at 420 nm (380 ng). This intensity is proportional
to the amount of photoproduct formet5]. The concentra-

activated bleomycin at 2C for 10 min, followed by ethanol
precipitation. Activated bleomycin was prepared by mixing
equal volumes of 1 mM bleomycin in 5 mM HEPES (pH
7.5) and 1 mM ferrous ammonium sulfate &t@for 1 min.
DNase | Digestion of the 77-mer DNA in the Presence of
(S)-A-62176.The B-end-labeled 77-mer DNA (0.2M in
base pairs) was mixed with various amountsQ)fA-62176
for 10 min at room temperature in 20L of a solution
containing 20 mM sodium phosphate (pH 7.5) and 2 mM
MgCl,. Reaction mixtures to which 0.05 unit of DNase |

decrease in thB4205min (CS,) was obtained from the plot of
the F4205minvVersus quencher concentration. Tgysminwas
corrected for the effect ofg-A-62176 photoproduct fluo-
rescence quenching by the added agents.

DNA Photocleaage under Air or Argon.A solution
containing®X-174 DNA (80uM in base pairs) andgj-A-
62176 (0.1 or 1uM) in the presence of 2 mM Mggl(80
uL total volume in 20 mM sodium phosphate, pH 7.5) was
placed in a semimicro quartz cuvette (k4L cm, Uvonic).
The cuvette was sealed by a rubber septum fitted with a

Teflon tube and a needle as gas inlet and outlet, respectively

The samples in the cuvette were purged with air or argon
(Air Liquide) through the Teflon tube for 10 min before
irradiation and continuously during the irradiation. The argon

was quenched by the addition of 18Q of a solution
containing 3 mM EDTA, 0.3 M sodium acetate, anddof
tRNA, followed by ethanol precipitation.

Hydroxyl Radical Cleaage of the 26-mer DNAzerrous
ammonium sulfate (L of 0.375 mM), EDTA (2uL of
0.75 mM), sodium ascorbate 2 of 15 mM) and HO, (2
uL of 7.5%) were added to a solution (24.) containing
the 8-end-labeled 26-mer or 18-mer DNA (QuM in base
pairs) in a buffer of 20 mM sodium phosphate (pH 7.5) and
2 mM MgCl,. The reaction mixture was incubated at room
temperature for 5 min and the reaction was quenched by
addition of 170uL of solution containing 1QuL of 1 M
thiourea, 2QuL of 3 M sodium acetate and 1@y of tRNA,
followed by ethanol precipitation.

was deoxygenated by bubbling through a freshly prepared Sequencing Gel Electrophoresighe labeled, dried DNA

Fieser’s solution [15 g of sodium dithionite (M&0O,), 2 g
of sodium anthraquinong-sulfonate, 20 g of KOH in 100

pellets were dissolved in alkaline dye (80% formamide and
10 mM NaOH, 1 mM EDTA, 0.1% xylene cyanol, and 0.1%

mL of water] followed by a saturated lead acetate solution. Promophenol blue) and loaded onto either a 20% (18-mer),
The cuvette was placed horizontally on top of a Pyrex glass 16% (26-mer) or a 12% (77-mer) sequencing polyacrylamide
filter, which was 12 cm above the Xe lamp. After irradiation, 9€l- Gels were subjected to electrophoresis at $&HDO0

the samples were transferred to eppendorf tubes and storeY @nd 30 mA for approximately 3 h. The dried gels were
in the dark at 42C before the addition of loading dye and @utoradiographed on X-ray films, which were scanned by
agarose gel electrophoresis as described above. an Epson Scanner model ES-1200. The quantification was

Photocleaage of Synthetic Oligonucleotides by (S)-A- performed by ImageQuaNT 4.1 software from Molecular

62176.The end-labeled duplex DNA (0B uM in base Dynamics.
pairs) was incubated with various concentrationsS}{A-
62176 in 60uL of a buffer containing 20 mM sodium
phosphate (pH 7.5) with or without 2 mM Mg£ClIThe Photochemical Single-Strand DNA Cleasye by (S)-A-
samples were loaded onto a 24-well Titertek microtiter plate 62176 Requires Mg. The quinobenzoxazines(-A-62176

on top of a Pyrex glass shield placed 9 cm above a 85 W s a very efficient DNA photocleavage agent. When super-

RESULTS

Xe lamp and irradiated fo2 h asdescribed above. The
reactions were terminated by adding 4@ of calf thymus
DNA. To determine the effects of alkaline and reductive

coiled (form I)®X-174 phage DNA (8@«M base pairs, 82%
form 1) is incubated with §-A-62176 (2.5uM) in the
presence of 2 mM MgGlunder ambient light conditions,
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Ficure 1: Photocleavage abX-174 phage DNA by $-A-62176 under ambient light (A) or an 85W xenon lamp (B). Forms I, 1, and 1lI

represent supercoiled, open circular, and linear DNA, respectively. Top panels of A and B show the photographs of the 0.8% agarose gel.

Bottom panels of A and B show the densitometric analysis of the form Il products detected in the agarose gels above-.8.iangsnkl
A contain 2.5uM of (§-A-62176. The irradiation time in panel B was 30 min.

the supercoiled DNA is converted to circular relaxed (form
Il) DNA (Figure 1A, lanes 5-8). In the absence of added
MgCl;, no DNA cleavage is detected (lanes-4). The
amount of form | DNA converted to form Il DNA is
proportional to the length of irradiation by ambient light (see
Figure 1A bottom); afte8 h ofirradiation only 58% of form

I DNA remains (~30% cleavage). No linear (form Ill) DNA
is produced under these conditions, indicating that thé*Mg
dependent DNA photocleavage due 8-A-62176 involves
only single-strand DNA cleavage.

If an 85 W xenon lamp is used as a light source in place
of ambient light, the photocleavage of supercoiled DNA by
(9-A-62176 is much more extensive. After 30 min of
irradiation in the presence of 2M (9-A62176 and 2 mM
MgCl,, all form | ®X-174 DNA is consumed, producing
form Il and a small amount of linear form 11l DNA (Figure
1B, lane 8). The photocleavage of DNA is a function of the
concentration of$)-A-62176 (see lanes-38 in Figure 1B);

A-62176 norfloxacin  ciprofloxacin  enoxacin

— P

00301507503 3 30 03 3 30 03 3 30 uM

< Form I
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201

IR

0 T 1
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significant photocleavage is observed even at concentrationg='GURE 2: Photocleavage abX-174 phage DNA in 20 mM sodium

as low as 70 nM of 9-A-62176 (lane 5). When irradiated
under the Xe lamp in the absence of Mgpns, §)-A-62176

phosphate, 2 mM MgGluffer, pH 7.5, by §-A-62176, norfloxa-
cin, ciprofloxacin, and enoxacin under the 85 W xenon lamp light.
Lane 1 is control DNA without drug. The irradiation time was 45

does not affect the photocleavage of supercoiled DNA (lane mjn.
4, Figure 1B). There is no cleavage observed when super-

coiled DNA is incubated with §-A-62176 and Mgdl in
the dark (lane 3, Figure 1B).

(S)-A-62176 Photoclees DNA More Efficiently Than Its
5-Descarboxy Detiative, Methylene Blue, and the Antibac-
terial FluoroquinolonesThe ability of (§-A-62176 to cause

much higher concentrations of the antibacterial fluoroqui-
nolones are required in order to effect the same level of DNA
photocleavage as that observed wirA-62176. Irradiation
of supercoiled DNA in the presence of 301 norfloxacin
(lane 7), ciprofloxacin (lanes 10), or enoxacin (lane 13)

the photochemical cleavage of supercoiled DNA was com- results in only 41, 44, and 59% DNA cleavage, respectively.
pared with other DNA photocleavage agents and quinoben-The relative DNA photocleavage efficiency of these fluo-
zoxazine analogues. A typical gel for the photocleavage of roquinolones is therefore over 200-fold less than thagpf (

supercoiled phage DNA by selected antibacterial fluoroqui- A-62176. Using the same analysis, the relative DNA

nolones (norfloxacin, ciprofloxacin and enoxacin) in com-
parison with §)-A-62176 is shown in Figure 2. Irradiation
of ®X-174 DNA (80 uM, 75% form 1) for 30 min in the
presence of 0.1xM of (§-A-62176 in Mg"-containing
buffer is sufficient to convert nearly all of the form | DNA
to form Il (73% cleavage) (lane 3, Figure 2). In contrast,

photocleavage efficiency of these and other selected com-
pounds when compared t8){A-62176 were determined and
are shown graphically in Figure 3. Methylene blue (MB)
converts supercoiled form | DNA to relaxed form Il 50-times
less efficiently than$)-A-62176 under these reaction condi-
tions (Figure 3). The 5-descarboxy derivative §ffA-62176
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Ficure 3: Relative efficiency of photochemical DNA cleavage by 12 3 4 5 6 7 8B 9 10
the quinobenzoxazine§)A-62176 and its descarboxy derivative g re5: Photocleavage abX-174 phage DNA by $)-A-62176

(dC-A-62176), the fluoroquinolones norfloxacin, ciprofloxacin, and iy the presence of various concentrations of free radical scavengers.
enoxacin, and methylene blue (MB). For each compound, the The irradiation time was 30 min.

concentration required to effect 50% conversion of form | to form
Il DNA was estimated, divided by the concentration §fA-62176

2]
=

Norfloxacin .

A-62176
Enoxacin

dC-A-62176
Ciprofloxacin

required, and multiplied by 1000. argon may be due to either a second, oxygen-independent
photocleavage pathway, or to traces of oxygen that remain
A-62176(uM) 0 02 02 1 1 even after the reaction mixtures are purged with argon.

To determine if hydroxyl radicals or superoxide are
Form III produced during photochemical DNA cleavage, the photo-
Form I cleavage reactions were carried out in the presence of

Form II

scavengers of these intermediates. The photocleavage of
Lanes 1 2 3 4 5 supercoiled phage DNA by§[-A-62176 in the presence 25
100 al ug/mL of SOD, which converts superoxide to hydrogen
80 . peroxide, or catalase, which converts hydrogen peroxide to

Alr Argon

water and oxygen, is as efficient as when these scavengers
are absent (data not shown). These results indicate that
superoxide and hydrogen peroxide are not involved DNA
cleavage.

The effects of other free radical and singlet oxygen
scavengers on the photocleavage of DNA ByA-62176
were also determined. Singlet oxygen scavenger TMP and
free radical scavengers 2-propanol, glycerol, and DMSO at
concentrations of up to 0.5 M have no detectable effects on
the photocleavage abX-174 phage DNA by $-A-62176
(data not shown). Very weak inhibition of photochemical
'DNA cleavage is observed with added DTT (lanes53
'Figure 5) and Nahl (lanes 6-8). The amount of relaxed
. . DNA formed after 45 min of irradiation in the presence of
of the form I D.NA was converted into form Il in samples 0.254M (S)-A-62176 is reduced by only 30% and 10% in
that were irradiated for longer periods of time. the presence of 10 mM of DTT (lane 5) or Nallane 8),

Photocleaage of DNA by (S)-A-62176 Is Unaffected by respectively. At lower concentrations, DTT and Naiave
the Presence of SOD, Catalase, or Other Free Radical and no effect on the DNA photocleavage due 8)-A-62176.
Reactbe Oxygen Saangers, But Inhibited by Deoxygen- These results indicate that a diffusable free-radical species
ation. The potential role of reactive oxygen species in the is probably not involved in the photochemical DNA cleavage.
DNA photocleavage due td5-A-62176 was investigated. Quenching of the Fluorescence of DNA-Bound (S)-A-
DNA photocleavage reaction mixtures were degassed by62176 and Inhibition of the DNA-Facilitated Photodecom-
sparging with deoxygenated argon gas before and duringposition of (S)-A-62176 by Kl and DTTo understand
irradiation. Figure 4 shows the photocleavagedof-174 whether the photocleavage of DNA induced By-A-62176
phage DNA in the presence of 0.2 andi¥ (S)-A-62176 originates from the singlet excited state 8f-A-62176, we
and 2 mM Mg* under these anaerobic conditions (lanes 3 investigated the ability of certain agents to quench the
and 5) or under air (lanes 2 and 4). Under anaerobic fluorescence of the complex formed betwe&rA-62176,
conditions, photochemical cleavage of DNA by @i (S)- Mg?*, and double-stranded DNA. The fluorescence intensity
A-62176 is inhibited 57%, compared to photocleavage in of solutions containing &M (9-A-62176, 2 mM MgC},
air. At higher concentrations of quinobenzoxazine, the and 80uM calf thymus DNA in 20 mM phosphate buffer
inhibition of DNA photocleavage due to deoxygenation is was determined as a function of the amount of added
only 25%. The lower level of photocleavage observed under quenching agent, and the concentration of quenching agent

B0

40 Argon

20

% Form Il DNA

[}
1 2 3 4 5

Ficure 4: Photocleavage 6bX-174 phage DNA by §-A-62176
under air or argon. The irradiation time was 45 min.

(dC-A-62176) is at least 100-times less efficient th& (
A-62176 in converting form | to form || DNA (Figure 3).
In all of the above cases, there was no evidence of double-
stranded DNA photocleavage by any of these compounds
linear form IIl DNA was only observed after the majority
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Table 1: §)-A-62176 Fluorescence Quenching and DNA-Facilitated 5, lanes 9 and 10). The phOtOdeayage ‘?'UGSOA('62176
(9-A-62176 Photoreaction Inhibition (lane 2) is almost completely abolished in the presence of

10 mM KI (lane 10), and at 1 mM concentration of Kl,

F R
(S)_A_6217%5?|u0rescence (S)-A-62176C5;§hotoreaction approximately one-half of the photocleavage observed in its
quenching (m\Y inhibition (mM)? absence is produced. The degree of inhibition of the
DTT 600 0.05 quinobenzoxazine photocleavage reaction by Kl is signifi-
NaN3 d 4e cantly more than that observed with DTT and NaNhe
N 45 0.18 concentration of Kl required to inhibit the photocleavage
thiourea d 100

: reaction is significantly higher than II@O, indicating that
2 Concentration (mM) necessary to halve the 500 nm fluorescence the production of this fluorescent photoproduct is not required

of the (§-A-62175-Mg"-DNA complex.” Concentration (mM) neces- : _
sary to halve the amount of 420 nm fluorescent photoproduct formed for photochemical DNA cleavage. In contrast, the concentra

from the ©)-A-62176-Mg*-DNA complex after irradition for 5 min.  tion of Kl required to inhibit the photochemical DNA

©The CE, for the photoproduct is 100 mM.Too high to be measured. ~ Cleavage reaction is less than @k, for KI, indicating that

eThe Cf, for the photoproduct is 22 mM.The Cf, for the photo- the inhibition of photochemical DNA cleavage by Kl is not

product is 30 mM3 The Cf, for the photoproduct is 20 mM. due to singlet quenching of the photoexcited quinobenzox-
azine.

necessary to decrease the fluorescence due to the quinoben- Irradiation of DNA in the Presence of (S)-A-62176 and
zoxazine-DNA complex by half Cf) was determined ~ Mg?* Produces a Complex Pattern of Frank Strand Breaks,
(Table 1). NaN and thiourea have no measurable effect on as Reealed by Gel Electrophoresi§o analyze the sequence
the fluorescence of the DNA-boun8){A-62176 (Table 1);  selectivity and the nature of the DNA termini resulting from
these compounds do not quench the excited singlet state othe photocleavage reaction;- &nd 3-end-labeled oligo-
the DNA-bound §)-A-62176. In contrast, both DTT and KI  nucleotides were subjected to photocleavage in the presence
were found to quench the fluorescence of the quinobenzox-of (§-A-62176, and the reaction products analyzed by gel
azine-DNA complex. The quenching of the fluorescence electrophoresis. The gel electrophoretic pattern of-an!
of the quinobenzoxazireDNA complex by DTT is some-  labeled 26-mer oligonucleotide (Chart 1) following irradia-
what less efficient than that due to KI. tion in the presence of§-A-62176 and Mg" is shown in
Independent of their ability to quench the fluorescence of Figure 6, panels A and B. The concentration dependent
the DNA-bound quinobenzoxazindlg?* complex, these  photochemical strand breakage is shown in lane416in
compounds display widely different abilities to inhibit the both panels A and B (in panel B, heat-piperidine treatment
DNA-facilitated photodecomposition o§)-A-62176. Solu- of the DNA was performed after the irradiation). In contrast
tions containing .uM (9-A-62176, 2 mM MgC}, 80 uM to the photocleavage of phagex-174 DNA, in which the
calf thymus DNA, and various concentrations of quenching ratio of (§-A-62176 to DNA base-pairs was much less than
agents in 20 mM phosphate were irradiated for 5 min under unity, in the oligonucleotide photocleavage experiments,
an 85W xenon lamp, and the fluorescence intensity at 420 optimal photocleavage of the 26-mer is observed au®15
nm, due to the quinobenzoxazine photoproduct, was deter-of (S)-A-62176 (lane 8). At this concentration the drug:DNA
mined. The concentration of inhibitor necessary to half the (base pair) ratio is 2:1, and no further increase in the
420 nm fluorescence in the photoreacti@gj was deter- efficiency of DNA photocleavage is observed at highgF (
mined. Control experiments involving addition of quenching A-62176 concentrations. Control experiments (lanesghl
agents after the irradiation established the ability of these demonstrate that oligonucleotide DNA strand cleavage
same compounds to quench the fluorescence of the phototequires the presence @){A-62176, Mg", and irradiation,
product. DTT is the most efficient inhibitor of the DNA- as was observed for phage DNA photocleavage.

facilitated photodecomposition 0fS(-A-62176. TheCE, The 5-end labeled oligonucleotide DNA photocleavage
for DTT is significantly less than either the concentration products afford, upon gel electrophoresis, a pair of bands of
necessary to quench the fluorescence of the DNA-boundnearly equal intensity at each cleaved DNA site (Figure 6,
quinobenzoxazineC(;O = 600 mM) or the photoproduct panels A and C). These two bands represent (at least) two
fluorescence (100 mM). Although not as effective as an DNA frank strand cleavage products at each DNA base site.
inhibitor of the photodecomposition 0B-A-62176, Kl also Comparison of the mobilities of these two bands with those
inhibits the production of the fluorescent photoproduct at a in the Maxam-Gibert sequencing lanes (lanes AG and TC)
concentration (15@&M) that is significantly less than that and hydroxyl radical cleavage lane (lane 12) reveals that the
required to quench the fluorescence of the DNA-bound slower moving band of each doublet comigrates with the
quinobenzoxazine (45 mM) or of the photoproduct (30 mM). Maxam-Gibert sequencing reaction and hydroxyl radical
In contrast, both NaiNand thiourea are far less effective in  cleavage products (Figure 6C), which are known to be the
inhibiting the photodecomposition 0§¢A-62176, and the  3'-phosphates7, 28). On the other hand, the faster moving
concentrations required are close to those found to quenchband of each doublet appears to comigrate with the minor
the photoproduct fluorescence, indicating that they may be products of the hydroxyl radical cleavage reaction (Figure
even poorer inhibitors than the@?o values (4 and 10 mM,  6C), which are 3phosphoglycolic acids2@). Treatment of
respectively) would indicate. the cleavage products with NaBHloes not alter the

Photocleaage of®X-174 Phage DNA by (S)-A-62176 Is mobilities of the faster moving bands in each doublet (lane
Inhibited in the Presence of KT.he amount of form 11 DNA 6, Figure 7), indicating the absence offhosphoglyceral-
induced by 0.2%M (9-A-62176 after 30 min of irradiation ~ dehyde termini products, which would have been reduced
is inhibited by increasing concentrations of added Kl (Figure to the faster migrating '3ohosphoglycol termini products
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Ficure 6: Photocleavage of the-Bnd labeled 26-mer DNA (0.2M in base pairs) by$)-A-62176. (A, B, and C) Autoradiogram of 16%
denaturing polyacrylamide gels showing the DNA cleavage patterns. Lanes AG and TC contain the-Nitkem sequencing reactions.

Lane 5 contains 2@M of methylene blue and lane 12 contains the hydroxyl radical cleavage reaction. (A) Before piperidine treatment. (B)
After piperidine treatment. (C) Direct comparisons of the products from Max@iibert sequencing (lane AG and TC) and hydroxyl
radical cleavage (lane 12) reactions with the photocleavage product of DNAubY & (S)-A-62176 before piperidine (lane 10 of panel

A) and after piperidine treatment (lane 10 of panel B).

(29). Furthermore, the faster moving band of these doubletsto base treatment, depending upon the particular cleavage
from the quinobenzoxazine photocleavage reaction comigratesite.
under gel electrophoresis (lane 5, Figure 7) with the Gel electrophoresis of the products of photochemical DNA
3'-phosphoglycolate termini product8Q) from the bleo- cleavage of 3labeled oligonucleotides by|-A-62176 was
mycin-Fe(ll) cleavage reaction (lane 10, and see the enlargedperformed in order to investigate the nature 6ftérmini
section at the right panel in Figure 7). These results suggestproduced by photocleavage (Figure 8). In contrast to the
that both 3-phosphate and '$hosphoglycolate termini  doublet of bands observed at each DNA cleavage site when
products are produced by th®§){A-62176 photocleavage of  photocleavage was carried out with thé-ebhd-labeled
DNA. oligomer, only one band at each cleaved DNA base site is
To further study the nature of theS{(A-62176 DNA observed in the gel of the reaction dflabeled oligonucle-
photocleavage products, the effect of alkaline treatment onotides (lane 3), and each of these bands comigrates with the
the amount and mobility of the photoproducts was examined. corresponding Sphosphate terminated Maxarilbert se-
After photocleavage, the labeled DNA was treated with quencing products (lanes AG and TC).
NaOH (lane 8, Figure 7) or piperidine (lanes Bl of Figure In contrast to $-A-62176, the methylene blue-mediated
6B and lane 7 of Figure 7) and the products resolved by photocleavage of DNA is quite inefficient prior to piperidine
electrophoresis. As in the case prior to base treatment, thetreatment (lane 5 in Figure 6A), while after piperidine
photoproducts after base treatment afford doublets of bandstreatment, DNA scission is clearly evident at every guanine
at each cleaved DNA site; however, after base treatment thesite. The bands from the piperidine-treated methylene blue
slower migrating band of each doublet is much more intense, photocleavage reactions comigrate with thepBosphate
indicating the presence in the untreated photoproduct of DNA termini products (lane 5 in Figure 6B) from the Maxam
lesions that lead to'ghosphate termini cleavage products Gilbert sequencing reactions.
upon alkaline treatment. On the other hand, the intensity of (S)-A-62176 clesges DNA with moderate sequence selec-
the faster moving bands of each doublet shows eithertivity at certain thymine and guanine residues, and the
decreased intensity or little change after base treatment whercleavage is more frequent in regions that are protected from
compared to the bands produced by the photoproduct priorDNase | digestion in the presence of (S)-A-621 8ynthetic



Photochemical DNA Cleavage by Quinobenzoxazines Biochemistry, Vol. 39, No. 33, 2000243

A B
Lanes 1 2 3 4AGTCS5 6 7 8 910

TC 5 6 7 8 9 10

G\ - -
5

Ficure 7: Comparison of9-A-62176 photocleavage with bleomycin cleavage. (A) Autoradiogram of 20% denaturing polyacrylamide gel

of 5'-end labeled 18-mer DNA showing the DNA cleavage patterns. (B) Enlarged and overexposed portion of panel A. Lanes AG and TC
contain the MaxamGilbert sequencing reaction products. Lane 5, oligonucleotigeM2 irradiated in the presence of @M of (S)-A-

62176. Lane 68, same reaction as that in lane 5 followed by NaBH4 treatment (lane 6), piperidine treatment (lane 7), and NaOH treatment
(lane 8), respectively. Lanes-4, reactions corresponding to lanes&®but without §)-A-62176. Lane 9, hydroxyl radical cleavage reaction.

Lane 10, bleomycin cleavage reaction.. [There is an unidentified band (indicated by question mark) in the bleomycin cleavage lane that
does not line up with any of thé-phosphoglycolic acid or'dhosphate products. Further attempts to identify this product were unsuccessful.]

Lanes 1 2 AGTC 3 4 every DNA site, there are several preferred cleavage sites

corresponding to certain guanine and thymine residues, as

______f_: revealed in the histogram shown in Figure 10. Not every
A thymine is cleaved extensively by)(A-62176; TTTT or
: = G TTTTT tracts show weak cleavage. This result agrees with
T - \G the previous drug binding studies indicating that the quinoben-
- - - \C zoxazines prefer GC regions to A-tractsl). A parallel
- ""\T experiment using a labeled 196 bp restriction enzyme
- - \T fragment from the plasmid pBR322 also shows similar
- - \T guanine and thymine base selecti8-A-62176-mediated
® \G photocleavage pattern (data not shown). Therefore, the
S ) C photocleavage of DNA by §)-A-62176 has moderate
- \G sequence selectivity at certain guanine and thymine residues.
- __‘_? The DNase | footprinting results demonstrate that the regions
- - —C protected from DNase | digestion (sequence underlined in
G Figure 10) were extensively photocleaved I8-A-62176,
- /3, showing a good correlation between the drug binding sites
- and the photocleavage sites.
. DISCUSSION
FiGURE 8. Photocleavage of the'-8nd labeled 18-mer DNA (3 Photochemical cleavage of DNA by fluoroquinolones has

uM in base pairs) by$-A-62176 (5uM). Lane 1 and 2 are control

A p PR - been investigated as a possible mechanism of the well-
DNA without and with heat-piperidine treatment, respectively. Lane . o .
AG and TC contain the MaxamGilbert sequencing reaction  €sStablished phototoxicity of these dru@d). The quinoben-

products. Lane 3 and 4 contain: of (9-A-62176 without and zoxazines are fluoroquinolone analogues that have previously
with heat-piperidine treatment, respectively. been shown to undergo photochemical reaction to produce

an unidentified, highly fluorescent photoproduct. This pho-
77-mer DNA was used to study the base selectivity of the tochemical reaction of the quinobenzoxazines is dependent
photocleavage of DNA byg)-A-62176. Figure 9 shows the  upon the formation of 2:2 quinobenzoxazindg?" dimers
gel electrophoresis of the photocleavage products along withand is greatly facilitated in the presence of double-stranded
the products of separate DNase | footprinting reactions on DNA (15). Here we show that like certain fluoroquinolones,
the same label 77-mer substrate. Although quinobenzox-the quinobenzoxazineS)-A-62176 can effect the photo-
azinze-mediated DNA photocleavage is observed at almostchemical cleavage of DNA.
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Ficure 9: Comparison of theS)-A-62176 photocleavage and DNase | footprinting 8f-A-62176 DNA binding sites on the'fend-

labeled 77-mer DNA (0.2M in base pairs). DNA photocleavage reactions were carried out at the indicated concentrat®)s-62176

as in Figure 6 and followed by piperidine treatment. DNase | footprinting reactions were carried out in the presence of the indicated amount
of (§-A-62176 as described in the Materials and Methods. The DNA products were subjected to 12% denaturing polyacrylamide gel
electrophoresis and autoradiography.

The photochemical DNA cleavage efficiency &)-A- intercalation complex formation with duplex DNA, photo-
62176 is much higher than the fluoroquinolones such as cleaves supercoiled phage DNA with an efficiency 2 orders
norfloxacin, ciprofloxacin, and enoxacin (Figure 2). Like the of magnitude less than that d5)(A-62176 (Figure 3). The
photochemical cleavage reported for the fluoroquinolones comparison of the DNase | footprint pattern due to t8e (
(21—24), the photocleavage by5)-A-62176 affords frank, A-62176-Mg* complex and the9)-A-62176 DNA photo-
single-strand DNA breaks. The increased photocleavagecleavage pattern in Figure 9 also suggests that DNA binding
efficiency of the quinobenzoxazine relative to the fluoro- is important for the quinobenzoxazine-induced DNA pho-
quinolones may be due to the difference in DNA binding tocleavage. Regions of DNA that are protected from DNase
between these two compounds: the fluoroquinolones do notl digestion by §-A-62176 also undergo more extensive
bind to duplex DNA (2, 13, 31), while (§-A-62176 binds photocleavage.
double stranded DNA tightly by a magnesium-dependent To investigate the nature of the photochemical reactions
intercalation interaction. In addition, the quinobenzoxazine leading to DNA strand scission b$)¢A-62176 a comparison
chromophore may be better able to effect DNA cleavage of the effect of potential inhibitors of the photocleavage
when compared to the abbreviated fluoroquinolone chro- reaction on the fluorescence of the DNA-bouSiA-62176-
mophore. While the relative efficiency of the photochemical Mg?* dimer and on the previously reported DNA-facilitated
cleavage due to the quinobenzoxazispA-62176 would photochemical degradation d§)(A-62176 was undertaken.
indicate that phototoxicity may be an issue with this potential Fluorescence of the DNA-boun&)(A-62176 is quenched
anticancer agent, this photocleavage reaction might beby KI. Kl is a widely used fluorescence quencher and is
beneficially employed in the photochemical mapping of believed to operate by a combination of electron transfer and
drug—DNA binding sites in vitro §) and in vivo. the so-called “heavy atom” effec82, 33). However, as Suh

The presence of My is vital for the specific intercalation  and Chaires have demonstrat&d)( Kl is unable to quench
complex formation betweers(-A-62176 and DNA 11). In the fluorescence of either DNA-intercalated ethidium or
the absence of Mg, the photocleavage efficiency oB)¢ DNA-minor groove bound Hoechst 33258. The inability of
A-62176 is at least an order of magnitude less than in the Kl to quench these DNA-bound species has been attributed
presence of Mg (Figure 1B and Figure 6A). The 5-des- to the electrostatic repulsion between the iodide anion and
carboxy derivative of $-A-62176, which lacks theg-ke- polyanionic DNA, which prevents productive quenching
toacid unit that is vital for M§" coordination and specific ~ encounters between the iodide and the excited state of ligands
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Ficure 10: Comparison of theSj-A-62176 photocleavage and DNase | footprinting 8f-A-62176 DNA binding sites on the'fend-
labeled 77-mer DNA. The intensity of the photocleavage reactions products (lanes 6 and 10 from Figure 9) for both strands were determined

by densitometric scanning and are shown as histograms. The underlined sequences represent the regions protected from the DNase | digestior
in the presence ofgj-A-62176.

closely associated with the DNA. The ability of KI to quench lower than those required to quench fluorescence indicates
the fluorescence of DNA-boun®)-A-62176 indicates that  that cleavage does not occur directly from the quinobenzox-
in the DNA—quinobenzoxazine complex the quinobenzox- azine singlet state, but rather involves a longer-lived inter-
azine chromophore is accessible to iodide anion. This mediate that is intercepted by iodide. A shorter-lived or less
observation is consistent with the previously reported model accessible DNA-centered intermediate may be formed from
for how the quinobenzoxazines, typified b§)+{A-62176, the interaction of the quinobenzoxazine excited state with
bind to DNA. The quinobenzoxazines bind DNA as 2:2 the bound DNA. This DNA intermediate in turn gives rise
guinobenzoxazineMg?" dimers where one drug molecule to the observed DNA photocleavage products.
of the dimer intercalates between DNA base pairs and the Photocleavage reactions involving and 3-end labeled
other is externally boundl). Apparently, the more acces- oligonucleotides reveal the complexity of the DNA cleavage
sible externally bound quinobenzoxazine is available for process. At each DNA cleavage site up to four DNA
fluorescence quenching by KI. DTT also quenches the photocleavage products are produced: the frank strand
fluorescence of the DNA-bound quinobenzoxazine by an breakage products terminated withghosphate, '3glyco-
undetermined mechanism. phosphate, and 'fphosphate, and a base-labile site. In
In contrast to the fluorescence of DNA-boun8)-A- addition to the overall coincidence of quinobenzoxazine DNA
62176, the DNA-facilitated production of the fluorescent binding sites and DNA photocleavage sites, there is a slight
photoproduct from$)-A-62176 is very sensitive to a number sequence preference for the photochemical DNA cleavage
of inhibitors, including DTT, KI, and, somewhat less, NaN  reaction of §-A-62176 at guanine and thymidine residues.
This indicates the intermediacy of a relatively longed-lived Although there is insufficient data as yet to speculate as to
species in this photodecomposition pathway. The photo- the exact nature of the photochemical reactions leading to
chemical DNA cleavage reaction @)(A-62176 is inhibited DNA strand scission, the complexity of the process, and
by Kl and only weakly by thiourea, DTT, and NaNn the especially the identification of $phosphoglycolate products,
presence of concentrations of inhibitors sufficient to com- indicates that free radicals are involved. The involvement
pletely inhibit the production of the§-A-62176-derived of free radicals during DNA cleavage is supported by the
fluorescent photoproduct, the photochemical cleavage of inhibition of the photocleavage in the presence of free radical
DNA is unaffected. This may indicate that these two scavengers such as NgNDTT and thiourea. In addition,
photochemical reactions involve two distinct manifolds. the 3-phosphoglycolate products, formed by abstraction of
Alternatively, photocleavage and production of fluorescent the 4-hydrogen 85, 36), are strongly suggestive of a free-
quinobenzoxazine-derived photoproduct may arise from two radical photochemical cleavage pathway. The base-labile
distinct intermediates (i.e., a DNA-centered radical cation DNA lesions that are produced may also arise via a free
and a quinobenzoxazine radical anion) of different acces- radical pathway. Abstraction of the Hiydrogen is known
sibility to quenching agents along a common photochemical to result in the formation of deoxyribonolactone lesions that
pathway. Photocleavage inhibition by KI at concentrations afford 3-phosphate teminus strand breakage products upon
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base treatmen8(). An alternative pathway for the formation

9.

of base-labile sites, photoactivated base damage, seems less ) ) ) )
10. Drlica, K. (1999)Curr. Opin. Microbiol. 2 504-508.

likely in light of the nearly equal formation of these lesions
at T and G residues. Both H&nd H1 hydrogen atom

11.

abstraction indicate that the photochemical cleavage reaction 12,

occurs in the minor groove of DNA. Although the photo-
chemical cleavage of DNA byS-A-62176 is oxygen
dependent, it does not involve singlet oxygen or superoxide.
Methylene blue-sensitized formation of singlet oxygen causes
DNA depurination exclusively at guanine sites, these abasic
sites undergo cleavage upon base treatm2bt 38—40).
Under our experimental conditions, methylene blue photo-
sensitization indeed affords no frank strand scission and
cleaves only the guanine sites of the 26-mer DNA after
piperidine treatment (Figure 6B, lane 5). In contrast, the
photocleavage byg-A-62176 affords frank strand scission
at many sites, with moderate selectivity at certain guanine
and thymine sites. Also, the singlet oxygen scavenger 2,2,6,6-
tetramethylpyrrole does not inhibit the photocleavage (data
not shown). Therefore, singlet oxygen is not likely the major
source of DNA cleavage induced b§{A-62176. Similarly,
superoxide or peroxide are not likely the source of free

13.

14.
15.
16.
17.

18.
19.

20.
21.

radicals because superoxide dismutase and catalase do not2-

interfere with the photocleavage. Therefore, the most prob-
able involvement of oxygen involves trapping of the carbon

centered sugar radicals produced by hydrogen abstraction;

further reactions of the oxygen-intercepted radicals lead to

DNA cleavage products as demonstrated in many other cases 25.

(35, 36, 41—-44).

In conclusion, the photochemical cleavage of DNA by the
quinobenzoxazineg-A-62176 in the presence of Myis
an exceptionally efficient process when compared to other
fluoroquinolone analogues. The Kfgdependency of this
photocleavage reaction and the overall coincidence of
photocleavage sites with DNA binding sites indicates that
the photocleavage proceeds from the previously reported
quinobenzoxazineMg?"-DNA complex. Mechanistic stud-
ies of this photochemical DNA cleavage reaction provide
further evidence for the existence of two functionally distinct
quinobenzoxazine molecules in this ternary complex, and
serve to locate the complex in the minor groove of the DNA.
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