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Synthesis, Characterization, DNA Binding and Clagwroperties of
Photochemically Activated Phenanthrene Dihydrodioxi

Anastasiia A. Tikhomirova, Nikolai A. Tcyrulniko®. Marshall Wilson

Center for Pure and Applied Photosciences, Bowling Green Sate University,
Bowling Green, OH 43403, USA

1. Introduction

DNA molecule remains the most desirable targetnticancer studies [1]. Thus, the
design and characterization of DNA binding and vileg agents have been an active area of
research for decades [2]. Small molecules can tawrdNA through covalent and non-covalent
interactions [3]. The latter includes three differbinding modes: electrostatic interactions with
the phosphate backbone, intercalation between D&l Ipairs, and groove binding [4]. Among
these interactions, intercalating binding provedoégoone of the most efficient modes for the
development of DNA targeting compounds [5]. Intéait@rs are small organic molecules with
planar aromatic moieties that insert between DNgebairs resulting in the modification of the
native DNA structure [6]. The accommodation of areicalator induces a crucial perturbation in
the DNA molecule: it unwinds the helical twist amduses DNA lengthening [7]. This
deformation might result in the vital errors in Buenportant biological functions as DNA
replication and transcription [8]. Thus, intercalat represent a promising class of compounds

that are used as lead structures for anticancegsdtesign [9].

In addition to a distortion of a DNA molecule cadid®y the intercalation, either thermal
or photoinduced damage can be caused by DNA clgagents. Photoswitchable DNA cleavers
were most accurately described by Armitage as ‘aamgs whose excited states can initiate a
series of chemical reactions which ultimately le@md nucleic acid cleavage’ [10]. DNA

photocleavers typically absorb at a wavelength éortpan 300 nm [11] — the region where
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nucleic acids and the majority of proteins are gpament, which helps to selectively excite a
photocleavage agent. Photoswitchable DNA damagyegtas have a number of advantages over
the thermally activated compounds [12]. Among thedgantages is the prior binding of a
photocleaver to DNA molecule before the irradiataord ‘light-clicking’ reaction management:
light allows to control the reaction in both sphtaand temporal ways [13]. These unique
properties have triggered the search for efficil®@NA photocleaving agents. Although
photoswitchable ligand complexes of transition nseteave been thoroughly investigated and
their design still remains an extensive researeh §t4], smaller number of studies cover ‘light-
clicking’ small organic molecules capable of insdating in DNA structure. Examples of
photoactivated organic compounds include, for mstaenediynes [15], naphthalimide [16] and

pyrene derivatives [17].

Herein, in continuation of our interest in designimew DNA photocleavage agents [18],
we report the synthesis, characterization and DMNAlibhg and cleaving properties of a novel
compound: trans-N,N-dimethyl-10,11-di(pyridin-4-ium)-10,11-dihydro-24
dioxobenzo[e]phenanthrene tetrafluoroboralg. (As early as in 1947, it was shown by
Schonberg that 9,10-phenanthrenequinone and othhtho-quinone derivatives form a
dihydrodioxin photoproduct when mixed with subdgtl alkenes under visible light irradiation
[19]. Exposure of dihydrodioxin solutions to UV ligcan result in the reverse reaction of the
photochemical release of thatho-quinone and corresponding alkene [20]. This reacti
therefore, was successfully implemented to photoatedly mask highly reactivertho-quinone
species [18, 21]. It is known that 9,10-phenantageimone, a component of diesel exhaust
particles — carcinogenic air pollutant, can indtive oxidative DNA damage by enhancing the

production of reactive oxygen species [22]. The maacsm of theortho-quinone release was
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investigated in previous studies [18, 23] in whitle formation of arortho-quinone radical
anion, dihydrodioxin radical cation and Reactivey@an Species (ROS) was demonstrated.
These species are well known to cause oxidative DiN#nage, which may additionally
contribute to DNA damaging propertiesbf18, 20, 21, 22, 24]. The interaction bivith DNA
was described by a number of spectroscopic analytols, such as UV-Vis absorption (DNA
titration and DNA optical melting experiments), atitar dichroism (CD) and fluorescence.
Intercalative binding mode of was unambiguously demonstrated by viscometric yarsl
Photolysis of the compound in question with botsibte and UV light was performed to better
understand the photochemistry bthat is involved in DNA cleavagebX 174 photocleavage

assay was used to evaluate DNA damage triggerdd by

Main advantages of pyridinium containing dihydmdns are: a) ease of synthetic
preparation from commercially available compourgsdihydrodioxins present a masked form
of reactive ortho-quinones, release of which can be controlled gdiation by different
wavelengths of light; c) phenanthrene dihydrodiolx&s a higher solubility in biological media
comparing to the previously studied more hydropbdglyirene dihydrodioxin derivative [18]; d)
combination of flat aromatic moiety with positivetharged pyridinium rings allows for both

intercalative and electrostatic interactiond @fith DNA.

2. Experimental

2.1 Materials and methods

All reagents and solvents were used as receiveoh fcbemical suppliers with no
additional purification unless otherwise noted. More sensitive reactions were performed

under an atmosphere of argon in glassware thatflame-dried under high vacuum. Moisture
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sensitive reagents were handled in a glovebox iratamosphere of nitrogen. UltraPure Calf
Thymus DNA (CT-DNA, 10 mg/mL) solution was purchddeom Fisher. Dilution of the CT-
DNA stock solution was performed using BioPerforgwrCertified water (Sigma-Aldrich).
Concentrations of all CT-DNA solutions were caltethin the concentration of base pairs (bp),
using the extinction coefficient of 13200 bp trivi™ at 260 nm [25]. The purity of CT-DNA
was confirmed by high AdA2so ratio (1.9), which is a strong indication of a hgiple presence
of proteins in CT-DNA solution [26]. All DNA expearients were performed in 10 mM
Phosphate Buffer (PB) solution gdH 7.4 (2 mM NaHPQ, Sigma-Aldrich, anhydrous,
BioPerformance Certified, >99 %; 8 mM MO, Sigma-Aldrich , anhydrous, BioXtra, >
99%) with 100 mM NacCl (Sigma-Aldrich, BioXtra, > 99 added. BioPerformance Certified

water was used for buffers preparation.

Double-stranded DNA oligonucleotides (Integrated ADNlechnologies) used in the
current work included the following sequences (strand is shown): 5—- ATCGACCAAGC -
3" (11-mer, 54.5 % of GC content); 5 — GTTAGTATATG- 3’ (12-mer, 33.3 % of GC
content); 5 — GCCGCGCGCGG — 3’ (11-menlyGC); 5 — ATATATATATA — 3’ (11-mer,
polyAT). All samples were purified by Polyacrylamide IGdectrophoresis (PAGE) procedure
[27] by the supplier. DNA oligonucleotides were rsb at -20°C. To prepare DNA
oligonucleotides stock solutions, the samples wheaved at room temperature, stirred and
dissolved in BioPerformance Certified water. Coniions of stock solutions were calculated
using the exact molar amounts and extinction coefits (see Sl) of double-stranded DNA

oligonucleotides provided by the supplier.

Proton and carbon NMR were recorded on a Brukerndealll 500 Spectrometer

equipped with cryoprobe using tetramethylsilane S)Mr residual solvent peak as the internal
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standard. IR spectra were recorded on Thermo $weflicolet iS5 ATR IR Spectrometer.
Mass spectrometry data wereobtained on a cyclatsonance Fourier Transform MS using

electrospray ionization.

2.2 Synthesis of trans-10,11-di(pyridin-4-yl)-10,11-dihydro-9,12-

dioxobenzo[ €] phenanthrene

To 9,10-Phenanthrenequinone (Sigma-Aldrich, > 90%2 g, 2.49 mmol) solution in
160 mL of benzene was added a two-fold accessi{4-pyridyl)ethylene (Sigma-Aldrich,
97%, 0.91 g, 5.00 mmol). After all reaction compatisewere completely dissolved, the bright
yellow solution was transferred into a photochemieaction vessel equipped with a gas
dispersion tube with a porous fritted glass tipe Thaction mixture was purged with argon for
1.5 hours and then placed into a photoreactor. réhetion vessel was irradiated by 419 nm
lamps (Southern New England Ultraviolet Companyida the photoreactor with constant
stirring and argon purging for 3 hours at 2€ (the temperature maintained by Haake A82
Temperature Bath / Recirculator filled with ethgndlfter 3 hours, the gas dispersion tube was
removed, and the photochemical reaction vesseligiatly closed with a stopper for continuous
overnight irradiation. After the overnight reactjahe solvent from the resulting pale yellow
solution was evaporated under reduced pressurewfel by the addition of 160 mL of
methanol. The immediate formation of the off-whpeecipitate was observed. The reaction
mixture was kept in the dark for 12 hours & Q. The precipitate was filtered and thoroughly
washed with methanol and diethyl ether to afforidwdiite crystals. Further recrystallization of
the solid from acetone gave trans-10,11-di(pyridin-4-yl)-10,11-dihydro-9,12-
dioxobenzo[e]phenanthreras an offwhite fine crystalline powder (0.26 g, 26 %). Mp267-
210°C (decomp.}H NMR (500 MHz, CDCJ) § 8.67 (d,J = 9.44 Hz, 2 H), 8.60 (d} = 6.01 Hz,
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4 H), 8.22 (dJ = 9.45 Hz, 2 H), 7.65-7.62 (m, 4 H), 7.12 Jd 6.03 Hz, 4 H), 5.09 (s, 2 HyC
NMR (125 MHz, CDCJ) § 150.13, 144.3, 133.3, 127.0, 126.9, 125.7, 12%8,7, 122.4, 120.8,
79.2. IR ¢ = cmi%): 3031, 1600, 1450, 1325, 1248, 1112, 1038, 926, 821, 655, 551. HRMS

(ESI): m/z calcd. for gH1aN-0," [M™], 391.14410, found 391.14410.

2.3. Synthesis of trans-N,N-dimethyl-10,11-di(pyridin-4-ium)-10,11-dihydro-9,12-

dioxobenzo[ €] phenanthrene tetrafluoroborate (1)

To a stired solution of trans-10,11-di(pyridin-4-yl)-10,11-dihydro-9,12-
dioxobenzo[e]phenanthrene (0.57 g, 0.15 mmmol60 mL of dichloromethane (freshly distilled
from P.Os) was added an excess of trimethyloxonium tetraflborate (Sigma-Aldrich, 95%,
0.14 g, 0.97 mmol). The reaction mixture was dfirrat the boiling temperature of
dichloromethane for 3 days under an argon atmospldter 3 days, the formation of fine pale
yellow crystals was observed. After cooling to rodemperature, most of the solvent was
evaporated under reduced pressure leaving apprtedn0 mL of the suspension in the flask.
This light brown suspension was cooled down t8COin an ice bath, vacuum-filtered and
liberally washed with dichloromethane and a few Ismartions of diethyl ether. The precipitate
obtained was additionally purified by recrystaltiva from the chloroform/methanol mixture
(5:1) to affordl as a pale yellow crystalline powder (0.62 g, 69 B = 228-23(F°C (decomp.)
'H NMR (500 MHz, CRCN) 6 8.75 (dd,J = 7.86, 1.3 Hz, 2 H), 8.57 (d,= 6.61 Hz, 4 H), 8.21
(dd,J = 9.35, 1.7 Hz, 2 H), 8.03 (d,= 6.53 Hz, 4 H), 7.76-7.61 (m, 4 H), 6.20 (s, 2 #P5 (s,

6 H). 3c NMR (125 MHz, CRCN) 6 155.5, 146.8, 133.0, 128.7, 128.3, 127.5, 12726,0,
124.1, 121.5, 76.1, 49.2. IR € Cm'l): 3078, 1637, 1501, 1457, 1338, 1287, 1191, 1038,
845, 763, 520. HRMS (ESI): m/z calcd. fopsB4N,0,2* [M?Y], 420.18268, found 420.18266;
m/z calcd. for GsH.4N-O.BF," [M?*- BF,], 507.18615, found 507.18604.
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2.4 Photolysis of 1

Acetonitrile solution ofL in 1 cm quartz cuvette (Starna Cells) equippeth wiscrew cap
was placed inside a photoreactor and irradiate@3% nm UV lamps. The changes inthe UV
spectrum ofl were monitored every 20 s during a 5 min. time gugrievery 30 s during a 15
min. time period, and every 60 s within a 5 mimmdi period and recorded on an Agilent
Technologies UV-Vis spectrometer. Irradiation Join acetonitrile by 419 nm photochemical
lamps was performed according to the same procedin® concentration of in acetonitrile
was calculated from the absorbance at 305 nm amdexhinction coefficient determined by

Beer’s law {305 = 11150 crit M™Y.
2.5 Sudies of interaction of 1 with DNA
2.5.1 Viscosity measurements

Measurements were performed using Ostwald typ@mister (Thomas PHILA, USA) at
(24.0 + 0.1)°C. A 1 mM solution of CT-DNA base pairs was preplaie 10 mM PB solution
with 100 mM NaCl and transferred into the viscomedad equilibrated to 24C during 5
minutes. The flow-time of CT-DNA solution was megsiiby digital stopwatch 4 times until the
flow times fell within £ 0.5 s. The CT-DNA solutiowas then titrated by incremental additions
of 6.74 mM stock solution af in DMSO. The solution ol was prepared in DMSO due to the
lower solubility of the studied compound in aquemedia. After each addition dfthe resulting
solution in the viscometer was mixed by repeateatlgeair suction with a disposable syringe
connected to the rubber tube, and then the soluamequilibrated to 22C for approximately 5
minutes. The average flow-time after each addiabh was calculated based on at least 3 flow-

time measurements the results of which fell withid.5 s. To evaluate the effect of the additions
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of the organic solvent (DMSO) on the viscosity loé tDNA solution, 2 additional series of the
control titrations were performed: 1) the flow-tisnef the 10 mM PB solution with 100 mM
NaCl itself and with incremental additions of p@#MSO were measured; 2) the flow-times of
the 1 mM CT-DNA solution in 10 mM PB with 100 mM Nhitself and with incremental

additions of pure DMSO were determined.

The viscosity of CT-DNA solution before the additiof 1 was calculated according to
the formulan,= (t —t)/tc  where §— flow-time of the buffer without CT-DNA and t —ofiv-
time of the buffer with CT-DNA added. To calculates viscosities of the CT-DNA solution
upon incremental additions @f the following equation was utilizeg= (t; — t)/to where { —
flow-time of the CT-DNA solution with DMSO solutioaf 1 added. The effect of the organic
solvent on the viscosity of the CT-DNA solution wamsidered and the viscosities values were
corrected by using the flow-times of the PB) @nd CT-DNA (t) solutions from the control
titrations with pure DMSO. The results of viscometitrations of the CT-DNA solution b§

1/3

were presented as relative viscosity of CT-DN#n§) ", plottedvs the ratio of molecules df

to the base pairs of CT-DNA, ¥/CT-DNA) [28].

2.5.2 UV-Vistitration

DNA binding was studied by monitoring changes & tv-Vis absorption spectrum of
1 upon addition of double-stranded DNA oligonucleetid11-merpolyGC, polyAT. Absorption
spectra were recorded in the 200-600 nm range onAgitent Technologies UV-Vis
spectrometer. PB solutions with a constant conagatr of 1 (20-30 uM was used in each
experiment, for exact concentrations see Sl) imlqaartz cuvette were titrated by incremental
additions of the DNA solutions until no further apstion changes of were observed. After

each DNA addition, the cuvette was stirred for 60fse concentration df in PB was calculated
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from the absorbance at 305 nm and extinction aoefft determined experimentallysds = 8979

cm M),

Binding constants were determined by plotting tlikeence in apparent extinction
coefficient of the DNA binder in questiovs DNA oligonucleotides concentration [29]. The

following equation of a half-reciprocal plot wasedq30]

[DNA] [DNA] 1
= + (1)
Agapp Ae AeK

where Agapp=|€a - €|, Ae=|eb - &, andea , & and g, are apparent, free (unbound) and bound
extinction coefficient of the DNA binder, corresulmgly; [DNA] — molar concentration of
DNA oligonucleotides in solution, K — equilibriumning constant of DNA witH. The slope

of the [DNA ]/AeappVs. [DNA] plot equals to Ke, while Y-axis intercept is equivalent toAtK.

DNA binding constant is therefore defined as th®raf the graph slope to the intercept.
2.5.3 UV-Vis optical melting experiments

Melting curves were recorded in the absence ansepoe of incremental additions bf
DNA absorbance at 260 nm was monitored on CaryiB-Vis spectrophotometer (Varian
Inc.) equipped with a thermo controlling cell. Saas of DNA oligonucleotides in 1 cm quartz
cuvette were thermostated at ZDfor 3 min. Stirred solutions were heated from°’@2o 60°C
at 0.5°C/min. rate. Melting temperatures of pure DNA oligaleotides, [, (DNA), and in the
presence of the binder,TIDNA-binder), were determined from the first detiva curves
(dAgsddT vs T). Shifts in DNA melting temperatureAT,, induced by the addition df were
evaluated as the difference between the meltingp¢eature of the DNA-binder mixture and the

melting temperature of the DNA itself.
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2.5.4 Circular Dichroism (CD) spectroscopy

A solution of CT-DNA (30 uM) in 1 cm quartz cuvetivas placed in thermoelectrically
controlled cell holder of an AVIV 62DS Circular Dimism Spectrometer. Spectra of CT-DNA
solution itself and solutions of CT-DNA with inceag amounts ofl were recorded under a
nitrogen atmosphere at 226. Addition of the DNA binder continued until norflaer change in
the CD spectrum of CT-DNA was observed [31]. CDrges of the CT-DNA solutions were

monitored in the 190-350 nm range.
2.5.5 Fluorescence measurements

A solution of1 (33 uM) in PB was excited at the 308 nm isosbgstimt. Emission
spectra ofl itself and its mixtures with 11 uM CT-DNA were ceded. After CT-DNA addition
the sample was stirred for 180 s. Fluorescencensittes were monitored at 410 nm.
Measurements were taken in 1 cm quartz cuvetteos temperature on Edinburgh FLS920-stm
steady state spectrofluorimeter (Edinburgh Instmisje Emission was monitored in 360-520 nm

range.
2.6 @®X174 photocleavage assay

A solution of 0.5 pLdX174 RF | DNA (1 mg/mL, 5386 base pairs length, Nemgland
Biolabs (NEB) was transferred in a 0.6 mL Eppendaloke (Fisher Scientific, 02-681-300). Then
1 uL of PB solution ofl of the required concentratiomas added to the tube and stirred. Three
different concentrations df were used: 1 molecule @fper 50 base pairs d$X174 RF | DNA
(2:50 bp), 1:10 bp and 1:2 bp. The samples werebaied in the dark for 10 minutes. After
incubation, each sample was placed at the 20 ctandis from a He/Cd CW laser (56 series

Melles Griot Co, 70 mW) and irradiated by 442 nghti Irradiation was performed for up to 60
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minutes in 15 minutes intervals. After irradiati@amples were diluted with 10 pL of PB. DNA
photocleavage was visualized by gel electrophords® agarose gel prestained with 0.01% of
GelRed Nucleic Acid Stain, (Biotium) /1X TAE buff&lue Juice Loading dye (Thermo
Fisher)/1kb DNA ladder (NEB). Typically gel elegbtworesis was run for approximately 3 hours
at 60 V. Gels were visualized using a 302 nm ttamsinator (TR-302, Ultraviolet) and
photographed by a digital camera through an ethidiwomide filter. Densitometric analysis of

the DNA bands was performed in Image Studio Litiveare.
3. Results and discussion

3.1 Photolysis of 1

® O

benzene, 20°C,15 h CH,ClI,, reflux, 3 d
e Ye NN NaYe
1

Scheme 1Synthesis and structure bf

hv (419 nm)

Phenanthrene dihydrodioxinwas synthesized based on the Schdnberg-Mustafiarea
followed by the methylation reaction to produce final pyridinium salt photoproduct (Scheme
1). To analyze the photochemical propertied @ind to monitor the 9,10-phenanthrenequinone
release, we performed steady-state photolysis UmittgUV (350 nm) and visible light (419 nm)

irradiation. Extinction coefficients of in acetonitrile at two different irradiation waeelgths
were determined experimentally ago= 1960 cn M~ and €410 = 550 cm* M™. The 9,10-
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phenanthrenequinone, similar to othertho-quinones has a very distinctive visiblerh-
absorption. Visible absorption band of 9,10-pheharequinone has a small overlap with the
absorption ofl, which allows one to clearly visualize the photecical release of 9,10-

phenanthrenequinone (Figure 1).

251 A) 0.4/ C) e
0.3 e

ADbsS.

®  Abs @425nm
2. =350 nm

ex

0.2,

3 6 9 12 15
Time, min

Abs.

00 . I > - =0
200 300 400

Figure 1. A) Photolysis of 37 uM acetonitrile solution dfupon 350 nm UV light irradiation,
(red line — 9,10-phenanthrenequinone, blue lind,N-dimethyl-1,2-di(pyridin-4-ium)ethylene
tetrafluoroborateN-methylated alkene); B) Results of the 350 nm liglsidiation of a 305 uM
acetonitrile solution ofl; C) Time evolution of the 425 nm absorption banid 910-

phenanthrenequinone in 305 uM solutioriof
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Upon UV light irradiation ofl, a pronounced increase of the absorption bandsCan®2
and 425 nm was observed (Figure 1, A). The enhaaceat the 425 nm absorption band can be
attributed to the release of 9,10-phenanthrenegeinchich has a distinctive absorption band at
this wavelength (Figure 1, A: red line). The phetease of 9,10-phenanthrenequinone upon 350
nm UV light irradiation was additionally supportbg 'H NMR experiment (See Sl)The increase
of the 320 nm absorption band is associated not with the photochemical release of 9,10-
phenanthrenequinone, but also with the formatiothefother product of the reverse Schonberg-
Mustafa reaction — methylated salt of the substitidlkenetrans-N,N-dimethyl-1,2-di(pyridin-
4-ium)ethylene tetrafluoroborate (Figure 1, A: blure). A clear decrease of the 255 nm band of
1 is related to the transformation of the initiahyglirodioxin into corresponding photoproducts
upon UV light irradiation. Quantum yield of the ©;phenanthrenequinone release under UV
light irradiation was determined as 1.8 % (for fiditails, see Sl). Time evolution of the 425 nm
absorption band of 9,10-phenanthrenequinone (Figur€) shows the progress of tbeho-

guinone release caused by UV light irradiation.
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Abs @ 425 nm
® Jex=419nm
B jex =350 nm

ADbsS.

0.0 .

I |
200 300 400

Figure 2. A) Photolysis of 40 uM acetonitrile solution dfupon visible light irradiation (419
nm) in acetonitrile; B) 312 uM acetonitrile solutioof 1 irradiated by 419 nm light; C)
Comparison of the time evolution of the 425 nm apson band of 9,10-phenanthrenequinone at

419 nm and 350 nm excitation wavelengths.

Visible light irradiation (419 nm) of resulted in the slower 9,10-phenanthrenequinone

release (Figure 2, C). This difference can be empthby a higher molar absorptivity afat
shorter wavelengthsedso = 1960 cmi M~ compared tceso = 550 cmit M™Y. Although 9,10-

phenanthrenequinone release might take longer tip@n visible light irradiation ofl, the
visible light is a less harsh source of stimuluspared to UV light so it could be used in DNA

damaging experiments. It was also previously shivat the formation of the quinone radical
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anion which triggers DNA damage is an autocatalptiocess: the system is activated under
visible light irradiation (absorption by the reledsquinone) and facilitates DNA damage upon

continued light irradiation [18a, b].
3.2 DNA binding mode of 1 studied by viscometry

Viscometry is considered to be one of the leastignuus and the most conclusive tests
to elucidate the binding mode of a binding agenDIA [32]. It is well known that classical
DNA intercalators induce the DNA base pairs to ssjgasignificantly in order to accommodate
the binding molecule [33]. This separation caubesRNA helix lengthening upon the addition
of intercalative DNA binder. In contrast, the irgetion of groove binders with DNA typically
results in a bend in the DNA helix that reducesdtiect of the groove binders on the DNA helix
length which either remains constant or decreasggnificantly upon the addition of the groove
binder [34]. Thus, to distinguish the binding moafel, the hydrodynamic method sensitive

towards the changes of DNA helix length, i.e. visetry, was chosen.
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Figure 3. Change of the relative viscosity of a 1 mM CT-DN@lution in 10 mM PB with 100

mM NaCl (H = 7.4) at 24C upon the increasing concentratioriafissolved in DMSO.

The results of the viscometric titrations of th&-ONA solution with 1 are shown in
Figure 3. It was established that the incremendditins ofl induce a gradual increase of the
relative viscosity of the CT-DNA solution and, thake lengthening of the DNA helix. These
results allow one to suggest the intercalative mafdeinding of1 to DNA. The linear fit of the
plotted data yields a slope of 0.89 when set tergapt the Y-axis at 1 (relative viscosity in the
absence of the intercalator). According to Cohesh Bisenberg [35], similar viscometric studies
of classical intercalators should give a slope @alliose to 1 which is in a reasonable agreement

with the data obtained for compouhd
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To further support the intercalative binding madél and investigate the interactions of
this compound with DNA in more details, severaldpescopic techniques were applied to study

the changes induced upon DNA binding.

3.3 DNA binding studied by UV-Vis absorption and fluorescence spectroscopy

Interactions of a binder with DNA cause electropirturbations in the DNA-binder
complex. The most common tool applied to evaluditesé changes is UV-Vis absorption
spectroscopy. A conclusion regarding the interoadtinding mode of compound 1 drawn after
the viscosity measurements can be further suppdstesttd on the changes in the UV-Vis
absorption spectrum of the binder solution upondgah addition of DNA. For instance,
absorption decrease (hypochromic effect) and rétl @habsorption (bathochromic shift) have
been previously observed for a number of compouwvitts intercalative mode of binding [36].
Hypochromic effect is thought to originate fraear stacking interactions between DNA base
pairs and the aromatic moiety of an intercalatat].[3The bathochromic shift is related to the
coupling betweem orbitals of the intercalated part of a moleculée arorbitals of DNA base
pairs followed by the decrease in tha* energy gap [38]. Phenanthrene derivatives arevno
to intercalate between DNA base pairs [39] owinthearomaticity of phenanthrene. Thus, UV-

Vis absorption spectroscopy was chosen to furtinezstigate the interaction tfwith DNA.

The intercalation process was monitored by obegrihe changes in the absorption
spectrum ofl upon gradual addition of different double-strand@dA oligomers: 11-mer,
polyGC, andpolyAT. In each case, a hypochromic effect and bathwula shift were observed
and evaluated (Table 1). Values of both hypochroeffects and bathochromic shifts are

comparable with the values reported for differehtAintercalating agents [40, 18ah addition
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to the DNA intercalation, positively charged pynaim groups ofl can electrostatically interact

with the negatively charged phosphate backboneNoAk [18a].

Table 1. Binding constants, hypochroism and bathochromiftsiof 1 upon its titration with

several double-stranded DNA oligomers derived ftd¥Vis absorption experiments.

Ky (M™) per Ky, (M™) per Bathochromic
DNA Sequence | DNA sequence DNA bp Hypochroism (% shift (nm)
polyAT (1.9+0.3)- 10| (1.7+0.3) - 16 26 6
polyGC (1.5+0.2)- 10| (1.4+0.2) - 10 30 5
11-mer (54 %
GC) (1.4+0.1) - 10| (1.3+0.1) - 18 24 6

To determine whethet exhibits preferential binding to either type of BNbase pairs,

we performedtwo UV-Vis absorption titration experimentsith polyAT and polyGC DNA

sequences. The gradual addition of these douldeddd DNA oligomers to a solution @f

resulted in the decrease of absorptiori @it 305 nm (by 26 and 30 % fpolyAT and polyGC

correspondingly) and red shift of the 305 nm chizréstic peak (by 6 and 5 nm fpolyAT and

polyGC correspondingly) (Figure 4 and 5). A distinctig@sbestic point at 308 nm in both

titrations was observed. The presence of an istisbgsint, a single wavelength at which the

absorption coefficients of two species presenhéndolution are equal [41], is strong evidence of

the coexistence of two forms of unbound to DNA and bound to DNA. Afore descrilvedults

are an additional indication of the intercalativede of binding ofL. to DNA [42].
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Half-reciprocal plots (Figure 4 and 5, inset C) avebtained based on the data derived
from UV-Vis absorption titration experiments bby solutions opolyAT andpolyGC (Figure 4
and 5). Binding constants were calculated accorthrtpe equation (1) [29, 30] and gave values
of 10° order of magnitude when estimated per DNA sequemceof 10 when calculated per
base pair (Table 1). No significant difference iypbchromic effects and bathochromic shifts
was observed upon interaction Iofvith polyAT and polyGC. However, binding ot to polyAT
appeared to be slightly stronger tharpttyGC (Kpayat/Kpoyec ~ 1.3. Majority of intercalators
demonstrate preferential binding towards GC richADd¢quences [43], and fewer intercalators
exhibit selective binding to AT-rich DNA sequenc#swas previously reported in the literature
that phenanthrene derivatives exhibit higher ATdimg specificity [44] compared to GC which
is in agreement with the results observed in thaskwThus, phenanthrene derivatives might be

well suited for the design of photocleavers thedea AT sites.
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Figure 4. A) UV-Vis absorption titration oflL (34 uM) in phosphate buffer by a solution of
polyAT; B) Enlargement of the 290 nm — 330 nm areaxan@ne the isosbestic point; C) Half-
reciprocal plot ofL binding withpolyAT DNA determined form the absorption titration aaffor

full details, see Sl.

Changes of the absorption bfupon addition of the third kind of DNA oligonuckste
was also monitored by means of UV-Vis absorptioecsscopy (Figure 6). 11-mer DNA
sequence containing 54 % of GC base pairs was shosmmpare its binding constantitevith
the corresponding values fpolyAT and polyGC oligonucleotides and to calculate the binding
site size ofl. Value of the binding constant &fto 54% GC11-mer was close to the binding

constant ofl to polyGC and slightly smaller than the one pmtyAT (Table 1, also see Sl). This
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data correlates with the assumption on the margipaéferential binding ofl towards AT-rich

DNA sequences.

{ 9.0x10°] | M Exp. Data -
C) ,‘i —— Linear Fit
=
15 o) D &
5 6.0x10™

K, =(1.5+0.2)1

50x10°  1.0x10°
C (11-mer GC), M

Abs.

A, NM

Figure 5. A) UV-Vis absorption titration ofL (28 uM) in phosphate buffer by a solution of
polyGC; B) Enlargement of the 290 nm — 330 nm areaxéonéne the isosbestic point; C) Half-

reciprocal plot ofL binding withpolyAT DNA determined form the absorption titration @affor
full details, see SI.
To evaluate the DNA binding site size (n), i.e. thenber of DNA base pairs spanned by

one molecule of, the absorbance d@fupon titration with 11-mer DNA sequence was phbite

the ratio of DNA concentration in base pairs to tomcentration oflL (Figure 6: B). Upon
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increasing the concentration of DNA, the 11-meusege becomes saturated by the intercalator
1. After the point of saturation further addition E-mer tol results in no significant change of
the absorbance df at 305 nm. The ratio of 11-mer concentration ® ¢bncentration of that
corresponds to the saturation point was evaluayetthd intersection of two linear plots derived
from UV-Vis absorption titration and expressed ke thumber of base pairs of the DNA
sequence spanned by one moleculel.ofhe DNA binding site size of was evaluated as
3.7+0.1 base pairs. The binding site sizelos comparable to other intercalators, such as
phenanthroline based cobalt complexes (n ~ 3 bd) ptéwn ether-annelated styryl dyes (n =
3.7 bp) [46] and the derivative dfwith pyrene aromatic moiety instead of phenanth ane 4.2

bp) [18a] A possible reason for the relatively high value af thinding site size of is the

presence of two relatively bulky pyridinium posély charged substituents which extend beyond
the phenanthrene plane. This may prevent denséingaof 1 within DNA base pairs stack.
Values of binding constants @fto different DNA sequences are of the same ortleragnitude
(~10* - 10 M™) as binding constants of typical intercalatorscdésd in literature: pyrene-
guanidiniocarbonyl-pyrrole cation [17], hydroxybefizlquinolizinium derivatives [2b] and thio-
heterocyclic fused naphthalimides containing amindaside chains [47]. Based on these data
obtained from UV-Vis absorption studies one canctagte that the binding mode dto DNA is

intercalative.

22

Page 22 of 45



@® Exp. Data
—|_inese it

& A
<
n=37 s
'2 3 4 5 6 7 8 9
n(DNA bp)/n(1) =

1

0.0 I - I T I - | T T |
300 320 340 360 380

A, NM

Figure 6. A) Determination of the binding site size Tftitration of a 34 uM solution of in
phosphate buffer by a solution of 11-mer (final @amtration of 11-mer was 30 uM); B)
Decrease of the 305 nm absorption plotted vs.dtie of the 11-mer concentration in base pairs

to the concentration df. For full details, see SlI.

To support the conclusion of the intercalativeunatof the binding mode df to DNA,
fluorescence spectroscopy experiment was perforifieel emission spectrum dfwas collected
after the excitation at the isosbestic point (368 established previously by UV-Vis absorption
titrations of1 with different double-stranded DNA sequences. HExsitation wavelength was
chosen to avoid changes in the extinction coefiicief 1 at the excitation wavelength [2D].
Addition of CT-DNA caused the fluorescence quenglohl with no significant deviation of the
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emission maxima peak at 390 nm (Figure 7). The eds& of the fluorescence intensity is
consistent with the formation of-CT-DNA complex through a non-covalent interaction
resulting in the insertion of the aromatic planariety of 1 between DNA base pairs causing the

guenching of the fluorescence signall¢#38].

300 350 400 450 500
0.4 T T T v T v T v T
i —— 1 Abs no DNA e 1 Fluor no DNA 415
—— 1 Abs DNA sat. e 1 Fluor DNA sat.

5
410 ©
g E
< 5
-
=
dos5 &

0.0 ; 0.0

| d | ' | J | |
300 350 400 450 500
Wavelength, nm
Figure 7. Comparison of the UV-Vis absorption changes (slitids) with the emission changes

of a 33 uM solution oflL in phosphate buffer (dotted lines) upon additionCdf-DNA. Red

curves correspond to the saturation of CT-DNALby

Distinctive hypochromic effect, bathochromic shéhd isosbestic point at 308 nm

(Figure 7) observed in the absorption Ioipon CT-DNA addition along with a pronounced
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guenching of the fluorescence bby CT-DNA strongly support our previous conclusmfrthe

intercalative nature of the binding modelab DNA molecules.

3.4 Conformational changes in DNA upon binding with 1 monitored by Circular

Dichroism (CD) spectroscopy

Circular dichroism (CD) spectroscopy is capablenoinitoring the absorption difference
between right and left circularly polarized lighthich makes this technique particularly useful
for studies of active chiral compounds, such as O8#. Addition of small molecules that can
interact with DNA duplex might trigger DNA conforrii@nal changes that can be monitored by
CD Spectroscopy [50]. Double-stranded DNA may ekisseveral different forms, such as A-
form, Z-form and B-form. The latter is the most ecoon form of DNA double helical structure.
The CD spectrum of this form typically consistswb distinctive bands: a positive band at 260-
280 nm and a negative band at 245 nm [51]. TherdedoCD spectrum of CT-DNA solution
(Figure 8) consisted of a positive band at 275 nimiclvis attributed to the base pairs stacking
and a negative band at 245 nm which arises froncityebf CT-DNA [52]. Positions of these
characteristic bands in the CD spectrum of CT-DNé&icated that CT-DNA exists in a B-form.
While groove binding of the small molecules to DNvave an insignificant effect on the
conformation of DNA and thus no changes in CD gpect intercalation of a molecule between
DNA base pairs results in the disturbance of theAllidse pair stacking and its helicity that can
be observed by distinctive changes in a CD spectluBNA [53]. Changes in the CD spectrum
of CT-DNA triggered by the interaction with were therefore monitored by means of circular

dichroism spectroscopy (Figure 8).
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Figure 8. Titration of a 30 uM CT-DNA in phosphate buffer hysolution ofl monitoredby
circular dichroism spectroscopy. The molar ratiddad DNA was increased from 0 to 0.5 with
0.05 step (some curves omitted for clarity, fot @dtails, see Sl). Arrows show the evolution of
CT-DNA CD bands upon the increasing concentratibd.dnset — change of the 245 nm CD
band intensity plotted vs tlHéCT-DNA molar ratio.

It is clear from Figure 8 that the gradual additiof 1 to CT-DNA caused major
perturbations in the CD spectrum of CT-DNA. Thesngity of the pronounced band at 245 nm
decreased dramatically by more than 60 % and aplpegiamore positive values of ellipticity (Y-
axis, expressed in millidegrees or mdeg). Afterfthal addition ofl to the DNA solution, the

245 nm band was red shifted by 3 nm. The secongctaistic CD band of CT-DNA at 275 nm
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demonstrated a similar trend. The intensity of blaemd decreased by > 40 %, and the peak
maxima red shifted by ~ 9 nm. However, comparingthte 245 nm absorption, this band
decreased towards more negative values of elliptitiring the experiment.

Table 2. Comparison of the characteristic CD bands of B-foinCT-DNA, CT-DNA saturated

with 1, and Z-form of DNA [50, 54].

B-form of CT-DNA CT-DNA after titration byl Z-form
245 nm 251 nm ~ 260 nm

Negative: -5.0 mdeg Less negative: -2.0 mdeg Positive
275 nm 286 nm ~ 290 nm

Positive: 4.1 mdeg Less positive: 2.5 mdeg Negative

Based on the data derived from the spectroscopiererent (Table 2), it is reasonable to
assume that the incremental additionlafiggers a partial CT-DNA conformational transitio
from B-form to Z-form. Among the distinctive feats of DNA Z-form are zig-zag phosphate
backbone, left-bended helicity, and characterigtisitive CD band at ~ 260 nm and negative
band at ~ 290 nm [50, 54]. In general, a CD specww@idNA Z-form represents inversed and
slightly red shifted version of a CD spectrum of ®B-form. Interaction ofl with CT-DNA
might induce this inversion as it was previouslyaed for several other DNA binders [55]. In
this particular case, the transition from B-form Zeform occurred only partially. A patrtial
transition from one DNA form to another could bdribtited to the CT-DNA reaching a
saturation point at 0.27 ratio diCT-DNA (3.7 ratio of CT-DNAL, Figure 8, inset). After
achieving this ratio, CT-DNA cannot accommodate enmolecules ol, therefore, no changes

are observed in the CD spectrum of CT-DNA uponhiertaddition of the intercalator. Thus,
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only a partial transition from B-form to Z-form mbserved. The number of DNA base pairs
spanned by one molecule bfwas derived from CD spectroscopic data and cdkedlas (3.7 £
0.2). This result correlates well with the bindisite size of 3.7 bp obtained from the UV-Vis
absorption binding experiments (Figure 6). Afteaateing the saturation, the UV-Vis spectrum
of 1 showed no red shifts nor absorption decrease (blatbmic shift and hypochromic effect,
Table 1) upon further addition of the DNA solutiofhus, the values of the binding site size
obtained by means of different spectroscopic metre@ in good agreement with each other.
Furthermore, a small induced CD peak at ~ 310 nnwaselength corresponding to the
absorption ofL, was observed at higher ratiosld€CT-DNA. The appearance of a new CD peak
at a wavelength corresponding to the absorptiomrofintercalator is considered to be extra
evidence of an intercalating binding mode [2Db].

3.5 Optical melting experiments

Interaction of small molecules with DNA might réisin a number of different effects,
such as conformational changes in DNA structurdiscussed in the previous section. The other
effect caused by the intercalation of a moleculevben DNA base pairs is the stabilization of
DNA duplex towards double strand separation. Onehef main characteristics of the DNA
stabilization is the DNA melting temperatureJT which is measured in optical melting
experiments. J is defined as a temperature at which 50% of DNAbd® strands are detached
into the corresponding single strands. By monirthis parameter upon addition of small
organic molecules one can obtain the informationualihe nature of DNA binding mode.
Hence, strong binding molecules may cause a sogmfiincrease in the melting temperature of
DNA [56]. DNA duplex itself is stabilized by hydreg bonds between two strands and base

pairs stacking. Intercalators can improve the Btahion of DNA double helix by the insertion

28

Page 28 of 45



between base pairs resulting in the additionalstacking interactions between DNA base pairs
and the aromatic moiety of the intercalator. Indators typically induce an increase ofdy 8-
12°C [57].

To evaluate the DNA duplex stabilization by the ewnlles ofl, we monitored changes
of the 260 nm absorption of the double-stranded ORAner (5 — GTTAGTATATGG - 3, 33
% GC) upon gradual increase of temperature at rdifteconcentrations of the intercalator
(Figure 9). The stabilizing effect dfwas studied for 12-merfatios ranging from O (Jof DNA
itself) to 21/1, 10.5/1, 5/1 and 3.5/1. Thermal tingl curves of DNA1 complexes displayed a
pronounced shift towards higher values of, Tpon the increasing concentration of the
intercalator. The difference between thgof the DNA itself and T of the DNA complexes with

1 was therefore found to strongly dependldDNA ratio (Figure 9, inset).
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Figure 9. Normalized thermal melting curves of the doublesstied DNA 12-mer solution in
phosphate buffer (30.5 UM in base pairs, black)liawed its mixtures withL (8.7 uM final
concentration). Inset AT (AT=T,, (1-DNA)-T, (DNA) as a function of the 1/DNA (bp) ratio.
For full details, see Sl.

Tmof the double-stranded DNA 12-mer itself was calted as 38 C from the results of
the optical melting experiment which is in agreetneith the data reported in the literature for
the 12-mer with 33% of GC [58]. Addition of thecheasing amounts df to freshly prepared
solutions of 12-mer of the same concentration teduih the sharp increase of the 12-mgr T
which indicated the stabilizing effect &f The highest ] of the 12-mer in the presence {47

°C) was recorded at the 3.5 bpatio which is in a good agreement with the resaftthe UV-
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Vis absorption titration and CD Spectroscopy steidi&7 base pairs per 1 moleculelof the

value of binding site size dj.

L 1 L 1 1 1
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Figure 10.First derivatives of the DNA thermal melting cury@9black line), 10.5/1 (blue line)

and 3.5/1 (red line) DNA (b@/ratios. Maxima of the curves correspond to thgSome curves

omitted for clarity, for full details, see SI).

The results of the DNA optical melting experimeaits summarized in Table 3.
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Table 3. Summary of the data derived from optical meltstigdies of the 12-mer in the absence

and presence df

1/ DNA (bp) DNA (bp)LL T °C AT,°C
0 0 38 0

0.05 20 39.5 1.5
0.09 11.1 42 4
0.19 5.3 45 7
0.28 3.5 47 9

Addition of 1 to a solution of the double-stranded 12-mer indutte stabilizing effect leading

to the increase of J from 38° C (12-mer itself) to 47 C (12-mer saturated with). These

results further indicate thatbinds to DNA duplex in intercalative fashion sirtbe maximum

increase of F of 12-mer it caused is equal to’@ which comparable taT value for reported

intercalators [57].

3.5 DNA damaging properties of 1

The most important goal of any DNA photocleavingemt is to have a potential

application as an anticancer drug and, therefaredamage DNA efficiently [59]. Damage

should be preceded by strong binding of the mokeouluestion to DNA. In previous sections,

we showed thal intercalates between DNA base pairs evidencecéywiscosity increase of

CT-DNA solution upon addition ofl and further supported by hypochromic effect and

bathochromic shift observed during UV-Vis spectogsc studies ofl titrated with DNA. The

interaction ofl with DNA caused both DNA structural changes ancteased DNA duplex

stability. Photolysis ofl at two different irradiation wavelengths was saéadiand the
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photochemical release of 9,10-phenanthrenequina@asoliserved. As investigated in previous
studies [18a, b], photoinduced unmasking of highdactive ortho-quinones leads to the
production of active radical species, which migtgngicantly contribute to light triggered
oxidative DNA damage.

To investigate DNA cleaving properties df, ®X174 photocleavage assay was
performed®X174 is a DNA plasmid consisted of 5386 base pétirsan exist in three different
forms: supercoiled (RF 1), relaxed or nicked (Rfdhd linear (RF llI). The nicked form is a
result of the single strand DNA cleavage, while limear form appears only after a double-
stranded DNA cleavage. To observe the formationeitthier nicked or linear forms from
supercoileddX174 as evidence of DNA damadewas combined witldX174 followed by the
irradiation of the mixture and subsequent visuéitwa of the damage by agarose gel
electrophoresis. The relative amounts of diffed@KiL74 forms created after the irradiation were
evaluated by densitometric analysis of agaroséaedls.

We used 442 nm (visible) light of He-Cd laser wilw output power (70 mW) in order
to achieve mild conditions which are important fartential biological applications. UV light
was also tested in the DNA damaging experimentsveder, our source of irradiation, a 355 nm
pulse laser with 1 J/pulse power output, appeaoeliet too powerful and harsh fdrX174
plasmid itself. Even small irradiation times (stagtfrom a few laser pulses, 10 ns each) caused
the damage in the control sampled@174 plasmid (for full details see Sl). Therefottee less
powerful light source and longer irradiation wavejth were chosen for the studies of DNA

damaging properties df(Figure 11).
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Figure 11. DNA damage caused b§ at 442 nm irradiation visualized by agarose gel
electrophoresis. 0 — 1 kb DNA ladder, 1 — DNA itssiored in the dark, 2 — DNA itself
irradiated for 60 minutes, 3-7 — DNA mixed within 1:50 bp ratio and irradiated for up to 60
min with 15 min intervals (0, 15, 30, 45, 60 mi@:12 — 1:10 bp ratio, same irradiation
conditions, 13-17 — 1:2 ratio, same irradiationdibans. For full details, see SlI.

Three series of samples with the same amoudXdf74 and different concentrations of
1 (1 molecule per 50 base pairs, 10 and 2 base @airsspondingly) were irradiated by 442 nm
light. At low concentration ofl (1:50 bp, lanes 3-7 on Figure 11) no formatiorRé&f Il was
observed, while the relative amount of RF Il insegfrom 5 % to 32 % upon the increase of the

irradiation time from O to 60 minutes. Notably, eaft30 minutes of irradiation, the relative

amount of the RF Il form remained constant (FiglL2esquares).
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Figure 12. Relative amounts of RF Il (the circular form ®X174) vs irradiation time. Blue
triangles correspond tWDNA bp ratio of 1/2, red circles — to 1/10 bp caéind black squares— to
1/50 bp ratio. Experimental data is fitted with yp@mial curves to aid in visualization and to
acquire more representative data organization.

According to the binding site size measurements) lip concentration is too low to
achieve DNA saturation byt. Therefore, prolonged exposure to light does notease the
amount of damaged DNA. At 1:10 bp and 1:2 bp cotraéion of 1 the appearance of bands
attributed to the formation of linear RF 1l is @pged (Lanes 8-17 on Figure 11). Densitometric
analysis showed the relative amount of RF Il dod exceed 5 %. The relative amount of RF Il
increased from 5% to 70 % and had reached a plaf@u45 min. of irradiation time for 1:10
bp ratio (Figure 12, red circles). This result islaligned with the value of the binding site size

of 1 calculated from UV-Vis absorption and CD spectr@gcexperiments as 3.7 base pairs. The
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1:10 base pairs ratio is not high enough to reahration. However, it provides a more
statistically efficient DNA single-strand damagergzared to the one observed for 1:50 bp ratio.
At the highest ratio of to DNA base pairs — 1:2 bp, the relative amounRBfll formed after
irradiation increased from 10 % to 92 %, and theeexnental data had not reached plateau since
1:2 bp ratio ofL to ®X174 exceeds the ratio of the binding site sizei@gllL molec. of 1 per 3.7
bp). Hence, at 1:2 bp concentration DDNA becomes fully saturated by, and 442 nm
irradiation of ®X174 mixed with1 at this ratio resulted in the most prolific DNA dage
compared to other two concentrationd @ able 4).

Table 4. Summarized experimental results of DNA damage ezhlny different concentrations
of 1 (expressed in the ratio of 1 moleculeloper X base pairs of DNA) activated by 442 nm

light. The relative amount of the relaxed form &ided from the densitometric analysis.

Irradiation ®X174 relaxed form, %

time, min 1:50 bp 1:10 bp 1:2 bp
0 5 S 10
15 21 20 60
30 32 56 72
45 32 70 82
60 31 65 92

The relative amount of the relaxed formd@X174 (RF IlI) showed a steady increase upon
increasing the irradiation time in each experimestaies. 1:50 bp and 1:10 bp ratioslofo
DNA base pairsvere not high enough to achieve saturation of thADtherefore the relative

amount of RF Il reached a plateau in both caseseider, 1:2 bp concentration &fsurpasses
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1:3.7 bp ratio (the binding site size valuelhfand DNA becomes fully saturated byAt 1:2 bp
concentration oflL almost all supercoiledX174 (RF 1) was transformed to the relaxed RF I

form (92 % RF 1I).
4. Conclusions

A novel photoactivated DNA cleaving agehtwas synthesized, characterized and its
9,10-phenanthrenequinone photochemical releaseiwastigated. The interaction df with
DNA was studied by means of different analyticaltimes. Viscometric titration experiment
demonstrated
a gradual increase of the relative viscosity of @EDNA upon addition ofl. This result in
combination with the UV-Vis absorption titration metiments which showed a significant
bathochromic shift and hypochromic effect showesl ithitercalative fashion of DNA binding.
The binding constant df was derived from UV-Vis spectroscopic data andwatad to be of
10" M order of magnitude that is comparable to the \@lofbinding constants of typical
intercalators. UV-Vis and CD Spectroscopy studiesvidled data to calculate the binding site
size ofl. Both methods were in a good agreement with etfedr @and indicated a 3.7 base pairs
binding site. No significant difference of bindirgf 1 to eitherpolyGC or polyAT double-
stranded DNA sequences was observed. However,ngrainstant fopolyAT appeared to be
slightly higher than the one f@olyGC. The conclusion on the intercalative nature iatlimg
mode ofl to DNA was supported by fluorescence titratiorldfy CT-DNA. The DNA addition
resulted in quenching of the fluorescencel afue to the insertion of phenanthrene moietyt of
between DNA base pairs. Changes in DNA structucke @operties associated with interaction
with 1 were studied by means of CD spectroscopy and DNAimg temperature analysis. CD

spectroscopy experiments showed that additiohtof CT-DNA causes a partial conformational
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transition from B-form to Z-form of DNA molecule. NDA optical melting experiments
demonstrated thdtcontributes greatly to the stabilization of the ®Nuplex.

The photocleaving properties @fwere studied by performingX174 photocleavage
assays. Light irradiation of the mixtures of ingieg amounts ofl with supercoiled DNA
caused > 90 % supercoiled form relaxation and aqmately 5 % of linearization for the higher
concentrations ofL (1:10 bp and 1:2 bp). Results of this study migkt used in further
development of efficient photoactivated DNA cleavand DNA intercalators that could bind to
specific DNA sequence and in a number of potebi@bgical applications.
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Highlights:

e A novel DNA photocleaving agent, phenanthrene dihydrodioxin (1), was synthesized and
characterized.

e The photochemical release of 9,10-phenanthrenequinone was studied.

e 1 binds to DNA in intercalative fashion and shows higher affinity to AT rich DNA sequences.

e Interactions of 1 with DNA induce duplex stabilization and transition from B- to Z-form of DNA.
e Phenanthrene dihydrodioxin causes DNA damage upon the light irradiation.

Page 44 of 45



Photochemical release of 9,10-
phenanthrenequinone
Intercalative binding mode
Preferential AT affinity

Induces B-form to Z-form DNA
transition

Stabilization of DNA duplex
Photoinduced DNA damage



