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The photochemistry of the DNA is an issue of
paramount importance as it is part of the etiology
of skin cancer development, being ultraviolet
sunlight radiation  the most relevant
environmental carcinogen. Herein, we
demonstrate the potential of pterin, an
endogenous compound, to form covalent adduct
under UVA irradiation with a short thymine
oligomer as well as with the whole DNA polymer.




Photochemical formation of a fluorescent thymidinepterin adduct in DNA

Sandra EstébaneZ,Carolina Lorente, Maira Gaspar Tosato® Miguel A.

Miranda,® M. Luisa Marin,® Virginie Lhiaubet-Vallet, > Andrés H. Thomag"’

& Instituto de Investigaciones Fisicoquimicas Texwicy Aplicadas (INIFTA),
Departamento de Quimica, Facultad de Ciencias Bxatiniversidad Nacional de La
Plata (UNLP), CCT La Plata-CONICET. Diagonal 11364, (1900) La Plata,
Argentina.

® Instituto Universitario Mixto de Tecnologia Quimic(UPV-CSIC), Universitat
Politécnica de Valencia, Consejo Superior de Ingasiones Cientificas, Avenida de

los Naranjos, s/n, 46022, Valencia (Spain).

*Corresponding authors

Dr. Andrés H. Thomas

E-mail: athomas@inifta.unlp.edu.ar

Postal Address: C. C. 16, Sucursal 4, (B1904DRi)Plata, Argentina
Phone: +54 221 4257430 int.189

Fax: +54 221 425464

Dr. Virginie Lhiaubet-Vallet

E-mail: lvirgini@itg.upv.es

Postal Address: Instituto de Tecnologia Quimica\(tFSIC), Avda de los Naranjos,
s/n, 46022, Valencia, Spain

Phone: 963877815, ext 77815

Fax: 963873409



ABSTRACT

The photochemistry of the DNA biomacromoleculensssue of paramount importance
as it is part of the etiology of skin cancer depeh@nt, being ultraviolet sunlight
radiation the most relevant environmental carcimogderein, we demonstrate the
potential of pterin, an endogenous compound, tonfeovalent adduct under UVA
irradiation with a short thymine oligomer as wedlwith the whole DNA polymer. Our
approach is based on the spectroscopic featurpgeoh, which allow, by monitoring
specific absorption or emission wavelengths, thieviong-up of the covalent binding.
The results are confirmed by HPLC coupled with msgectrometry, revealing the
attachment of one or two pterin units to the homwiime 5-mer oligonucleotide.
Altogether the findings point toward the role ok as endogenous sensitizer and

genotoxic compound.
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Introduction

Pterins are present in the human epidermis becaBse, 8-tetrahydrobiopterin
(H4Bip) is an essential cofactor in the hydroxylatiafithe aromatic amino acitisnd
participates in the regulation of melanin biosystsg the main pigment of skih.
Notably, in vitilige® the HBip metabolism is alter@dproducing aromatic pterin
accumulation in the affected tissues, which is irtgoa given that this disease induces a
depigmentation due to the lack of the melanin pigm&hus, protection of UV fails
while concentration of oxidized pterin, an estdi#id photosensitizer, increases. Indeed,
it has been reported that under UV-A irradiatioaripis are not only able to generate
reactive oxygen species (ROS) such'@s®’® but they are also responsible for DNA
damage formatiod’® Pterin (Ptr), the parent unsubstituted compoundoxitiized
pterins (Figure 1), and the vitiligo-related ptedierivatives (biopterin, formylpterin and
carboxypterin) are efficient photosensitizers indgcthe degradation of purine
nucleotides>*#*319n neutral and acidic media, the predominant meisiainvolves
an initial electron transfer (type | mechanishfjom the nucleotide to the triplet excited
state of pterins. All the nucleobases may undergsalectron oxidation, according to
their corresponding ionization potentials that dull the order: guanine < adenine <
cytosine ~ thymine (ThyY*®*°It is accepted that most type | photosensitizeosiypce
damage only at guanine baSe.

Interestingly, Ptr is able to photoinduce the okmaof Thy in the nucleotide
thymidine 5'-monophosphate (dTMP, Figure 1) andpiteelucts formed depend on the
presence of @in the medi&” After excitation of Ptr and formation of its trglexcited
state {Ptr), the process is initiated with an electron transgaction from dTMP to

3ptr, which leads to the formation of the Ptr radiaasiba (Pti") and the dTMP radical



cation (dTMP") (Reaction 1). Electron transfer from Pwr its protonated form (PtfH
to O, regenerates Ptr and yields @HO," (Reaction 2), which in turn disproportionates

to H,O, (Reaction 3f2

3ptr + dTMP > Pt + dTMP*t (1)
Pr-+0, ———————> Pur+Q- 2)
2H+20" —— > H.0,+ O (3)

In air equilibrated solutions, the oxidation prottucf dTMP formed by
photosensitization with Ptr can be explained takirtg account reactions of dTMP
generated using other photosensitiZéf4:?®> The two main competitive reactions of
dTMP*+ are deprotonation (Reaction 4) and hydration (Remc5). The former

pathway leads mainly to the (5-uracilyl)-methyl iad, which traps oxygen on the
methylene group and yields 5-formyl-2’-deoxyuridiemonophosphate (5-FordUMP)
and 5-(hydroxymethyl)-2'-uridine 5’-monophosphaHmdUMP)*'?2” Hydration,
in turn, leads predominantly to the 6-hydroxy-5iBydrothymin-5-yl radical that traps
oxygen on position 5% to yield 1-(2-deoxy-beta-D-erythro-pentofuranoSyphos-
phate)-5-hydroxy-5-methylhydantoin (5-HO-5MHMP) anthymidine glycol 5'-

monophosphate (dTMPGIg}:>**

\ 4

dTMP™ dTMP(-HY + H* (4)

dTMP(OHY (5)

A\ 4

dTMP'* + HO ™

On the other hand, UV-A irradiation of dTMP in tipeesence of Ptr under
anaerobic conditions shows a completely differeghdvior, not observed for other
photosensitizers. In this case, coupling of théiPand dTMP(-H) radicals takes place

yielding an adduct (Ptr-dTMP)(-2H) (Reaction 6)ddhis pathway competes with back



electron transfer to regenerate Ptr and dTMP (Readt)?! This reaction also occurs
using 2'deoxythymidine (dT) as a substritén both cases, the photogenerated adduct

has the intact pterin moiety and retains its phiogsijzal propertie&™*

Pt /PtrH + dTMPY/dTMP(-H) ——> ——>  (Ptr-dTMP)(-2H) (6)
Pt /PtrH + dTMP*/dTMP(-HY ——> ——>  Ptr + dTMP (7)
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Figure 1. Normalized absorption spectra of Ptr (pH5.5), dTs (pH 5.5) and DNA (pH 6.5)

in air-equilibrated aqueous solutions. Molecular stucture of Ptr and dTMP.

The main objective of this work is to find out ifrs able to photodamage Thy
when the nucleotide is part of the DNA polymer. Sfeally, the attention is centered
on demonstrating if formation of the adduct doesoatake place, and if so on
comparing the efficiency of the process under diifié experimental conditions and the
properties of the obtained photoproducts. Thusinwestigated first the photoreactivity
undergone by a single stranded oligonucleotide sgitpuence 5 -d(TTTTT)-3" (d)in
the presence of Ptr under UV-A radiation, and thieat taking place in the presence of

the whole biomacromoleculége. eukaryotic DNA. Under these conditions, the only



light absorbing species was Ptr since the nucleshashich are the chromophores of

DNA, do not absorb radiation in the UV-A regiondéie 1).

2. MATERIALS AND METHODS

2.1. General

Pterin (Ptr) was purchased from Schircks LaborasofJona, Switzerland) and
used without further purification. DNA (type |, fro calf thymus), single stranded
oligonucleotide 5°-d(TTTTT)-3" (dg), tris(hydroxymethyl)aminomethane (TRIS),
ammonium acetate (NjAc), 2’-deoxyguanosine 5°-monophosphate (dGMP), 2’-
deoxyadenosine 5°-monophosphate (dAMP), 2’-deoidiogt 5 -monophosphate
(dCMP) and other chemicals were provided by Signidriéh and used without further
purification. Sephadex G-25 columns were purchafedn GE Healthcare and
Acetonitrile (ACN) from J. T, Baker. All the exparents were carried out in agueous
solutions, and the pH measurements were performégdaypH-meter sensION+pH31
GLP combined with a pH electrode 5010T (Hach) orrpkter Mettler Toledo Seven
Easy. The pH of the aqueous solutions was adjusgeaidding very small aliquots (a

few uL) of concentrated (0.1 - 2M) HCI or NaOH solutiarsng a micropipette.

2.2. Steady-state irradiation

Samples were irradiated in 1x1 cm fluorescencertguagells at room
temperature. Two different irradiation systems wamgloyed. In system |, the sample
was irradiated with a Rayonet RPR 3500 lamps (SwaotiN.E.Ultraviolet Co.) with

emission centered at 350 nm [bandwidth (full widthhalf-maximum) of~20 nm].



System Il consists in a multilamp photoreactor ppad with 12 lamps (Osram
Sylvania, F15T8/BLB) emitting from 310 to 410 nmthvia maximal output (1
mW/cnf) atca. 360 nm.

The experiments were performed in the presenceabsence of dissolved,@
the solutions. Experiments with air-equilibratedusons were performed in open
quartz cells without bubbling during irradiationgoevent light scattering. However, to
avoid that the consumption of,@ight lead to hypoxic conditions, the irradiatiaas
interrupted every 30 min and the sample was bubwiigll air for 10 min. Saturated
Argon or Nitrogen solutions were obtained by bufdplfor 20 min with these gases

(Linde, purity 99.998%), previously saturated ineva

2.3. Analysis of irradiated solutions
2.3.1. UV-vis spectrophotometry

Electronic absorption spectra were recorded ohim&lzu UV-1800 or Cary 50
(Varian) spectrophotometer, using quartz cells otrh optical path length. The
absorption spectra of the solutions were recordeégular intervals of irradiation time.
2.3.2. High-performance liquid chromatography (HBLC

A high-performance liquid chromatography equipmddtominence from
Shimadzu (solvent delivery module LC-20AT, onlineegdsser DGU-20A5,
communications bus module CBM-20, auto sampler ZIBA-HT, column oven CTO-
10AS VP, photodiode array (PDA) detector SPD-M2@W #uorescence (FL) detector
RF- 20A) was employed for monitoring the reactibnsome cases, for further analysis,
the products were isolated from HPLC runs (prepaaHPLC), by collecting the
mobile phase after passing through the detectors.

A BioSep-SEC-s2000 column (silica, 300 x 7.8 mhmb5lim, Phenomenex) was



used for DNA products separation. A solution ofrBM TRIS (pH 7.0) was used as
mobile phase, with a flow rate of 1 mL/min. A SygiePolar-RP column (ether-linked
phenyl phase with polar endcapping, 150 x 41§ Phenomenex) was used for polydT
products separation. Two solvents were employeth®iseparation: solvent A, 10 mM
NH4Ac (pH 7.0); solvent B, ACN. The flow rate was 1 fmiin. The elution profile was
as follows: 0 min, 100% A; 5 min, 100% A; 20 mirg% A, 10% B; 25 min, 90% A,
10% B; 30 min, 100% A; 45 min, 100% A.
2.3.3. Mass spectrometry analysis

The liquid chromatography equipment coupled to srgsectrometry (LC/MS)
system consisted of an UPLC chromatograph (ACQUUPLC from Waters) coupled
to a quadrupole time-of-flight mass spectrometeeX G2-QTof-MS from Waters)
(UPLC- QTof-MS). UPLC analyses were performed usingAcquity UPLC BEH C18
(1.7 um; 2.1 x 50 mm) column (Waters), and isocraticietutvith 8 mM NHAC (pH=
7.0) at a flow rate of 0.2 mL mifn The mass spectrometer was operated in the negativ
ion mode. Therefore the samples were injectedti@achromatograph, the components
were separated and then the mass spectra werderedisfor each peak of the
corresponding chromatograms. In addition, massncatograms, i.e. representations of
mass spectrometry data as chromatograms (the xgpigsenting time and the y-axis
signal intensity), were registered using differerdn ranges.
2.3.4. Fluorescence measurements

(I) Steady-state and time-resolved fluorescencasmmements were performed at
room temperature using a single-photon-countingpsgent FL3 TCSPC-SP (Horiba
Jobin Yvon), described elsewhéfe.

(1) Photon Technology International system (moldel01), including a 150 W

xenon lamp coupled with a monochromator (model 101)



RESULTS

Photosensitization of dg

The first aim of this work was to find out whethbe photobehavior previously
observed for dTMP and dT in solution and in thespree of P&#*is conserved when
the nucleobase is included in an oligonucleotidairchTherefore we used a single
stranded homothymidine 5-mer oligonucleotide sjd&s a substrate. We exposed
aqueous solutions containingg&nd pterin (Ptr) at pH 5.5 to UV-A radiation (35@).
Under these conditions the thymine moiety is natized®® Ptr, in turn, presents a
neutral and an anionic form that in water are inildgrium with a pk; value around 8.

It has been shown that the two acid-base forms hdifferent photochemical
propertied At pH 5.5 more than 99 % of Ptr is in its neutfatm that is the
predominant one at physiological pH. The solubiifyPtr in neutral and acidic agueous
solutions is about 20AM. In addition, under pathological conditions, imiah pterins
accumulate in tissues such as skin, the concamgafound have been reported to be in
the micromolar ordef Taking into accounts these facts a concentratidb0uM was
chosen for Ptr in our study.

The irradiated samples were analyzed by spectropteity and
chromatography: HPLC coupled to a photodiode adatector (HPLC-PDA), HPLC
coupled to a fluorescence detector (HPLC-FL) andL@Pcoupled to a mass
spectrometry system (UPLC-QTof-MS) (see Experimer8action). Due to the

chemical differences both reactants were well sgpdrby chromatographic analysis,



with short retention timeg;) for Ptr and longet; values for the oligonucleotide (Figure
2).

When oxygen-free aqueous solutions containing @id Ptr were exposed to
UV-A radiation (350 nm), significant changes wefleserved in the absorption spectra
of the solutions (Figure S1), thus indicating thgbhotochemical process takes place.
HPLC-PDA analysis showed that the chromatograpbakp corresponding to both the
dTs and Ptr decreased with irradiation time (FigureT2)e rate of Ptr consumption was
higher than that registered in a control perfornmethe absence of d{Inset Figure 2).
Chromatograms recorded at 340 nm showed that dgweducts, witht, close to that
corresponding to the intact oligonucleotide, prés@érabsorbance in the UV-A region
(Figure 3a). Moreover, the absorption spectra ohesmf these products could be
adequately registered and showed a band centepgdxapately at 340 nm, which is

similar to the typical low-energy band of pteriksgure 3a).
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Figure 2. HPLC analysis of a solution containing d and Ptr before (solid line) and after
40 min (dashed line) of irradiation under anaerobicconditions. Chromatograms obtained

using the PDA detector at 280 nm. Inset: evolutionf the Ptr concentration as a function

of irradiation time. [Ptr] o = 150uM, (0) [dT5]o = OuM, (@) [dTs]o = 50uM, pH = 5.5+0.1.
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Figure 3. HPLC analysis of a solution containing d and Ptr before (solid line) and after

40 min (dashed line) of irradiation under anaerobicconditions. Chromatograms obtained

using a) the PDA detector (340 nm), and b) the fluescence detector (excitation at 350 nm,
emission at 450 nm). Insets: a) absorption spectiaf the products and detail in the range

300-420 nm; b) evolution of the area of the peak®responding to fluorescent products.

[Ptr] o = 150uM, [dTs]o = 50uM, pH = 5.5+0.1

In control experiments carried out irradiating o@gefree dT solutions in the
absence of Ptr, no spectral changes and no consumptonitored by HPLC, were
observed as a function of irradiation time. Thesetiols ruled out chemical changes
generated by the direct excitation of the oligoratile. Besides, the emission spectra
of Ptr in the presence and the absence gfwbre recorded by steady state fluorescence
and compared. Results showed that the fluorescgpeetrum of Ptr did not change in
the presence of @Tin the range of concentrations used in this w@i60Q uM), thus
suggesting that there is no interaction betweeritlteemolecules. Likewise, no change
in the absorption spectrum of Ptr was observetienpresence of dTTherefore, it can

be assumed that the photochemical processes dabantihe previous paragraphs are
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initiated by diffusion controlled reactions and tttm® association of the molecules is
required before excitation.

HPLC-FL analysis of irradiated oxygen-free sampk®wed that several
products were fluorescent and emitted at 450 nnnvehxeited at 350 nm (Figure 3b),
which is compatible with the fluorescence properté pterins. The most intense peak
presented & value similar to that of the untreated oligonutlé® (Figure 3b). The area
of this peak and the area of all the fluorescentipcts with peaks close to that of the
intact dTs increased with irradiation time, indicating thecamulation of fluorescent
products (Figure 3b). Taking also into account dieerease in the Ptr concentration,
these results suggested that under anaerobic moredthe photochemical process leads
to the binding of Ptr to the oligonucleotide tolgtia set of fluorescent products. Finally,
it is noteworthy that a peak withtavalue lower than that of Ptr was also observed
(Figure 3b) and could result from a product of phetolysis of Ptr.

To confirm that the photolysis under anaerobic ¢omas of dTs in the presence
of Ptr leads to the covalent attachment of the qdaatsitizer to the oligonucleotide, a
gualitative analysis of the photoproducts was edrout by means of UPLC-QTof-MS.
Therefore, solutions containing gl&nd Ptr were analyzed in negative ion mode JESI
before and after irradiation. In the untreated darmgs expected, two chromatographic
peaks were observed, withvalues of 0.8 and 7.6 min. Mass spectrum of theéo
peak showed the signal corresponding to the intamecular ion of Ptr as [RiH]
species at/z 162.04. The molecular formula of the sdif GsoHgsN10033P, and its
molecular weight is 1458.27 Da. This value is aerage of different weights due to the
naturally occurring isotopes of carbon, althougbtapes of nitrogen and oxygen also
contribute. Therefore the registered mass spectfutime d & (chromatographic peak at

t- 7.6 min) consisted of groups of signals for thenoxcharged ([dd-H], m/z1457.27),

12



di-charged ([d¥-2H]*, m/z728.13) and tri-charged ions ([¢BH]>, m/z485.09), the
group of signals corresponding to the di-chargedheing much more intense than that

corresponding to other ions (Figures 4a).
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Figure 4. Mass spectrometry analysis of a solutiooontaining dTs and Ptr after 40 min of
irradiation under anaerobic conditions. MS spectra(ESI" mode) of the di-charged ions of:
a) dTs; b) the product with t, at 7.3 min; ¢) the product witht, at 6.9 min. Insets: mass
chromatograms for the specific ion mass of a) [dF2H]*; b) [dTs+Ptr—4H]*; c)
[dTs+2Ptr—6H]* and evolution of the area of the corresponding péa as a function of

irradiation time.

The chromatograms of solutions irradiated undeesrac conditions showed,
besides the peaks corresponding to the reactammira peak at; 7.3 min, which is
very close to that of the intact nucleotide. Mgssctra of this product showed a set of

signals withm/z 808.65 (Figure 4b), which correspond to a di-chdrgon of a
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compound bearing both the photosensitizer and liberaicleotide moieties ([dsFPtr—
4H]?). The mass chromatograms of irradiated solutioesewegistered for the specific
ion mass of [df+Pt—4H]* (Inset Figure 4b) and the peaks were integratesta D
showed that the concentrations of this producie@sed as a function of irradiation time
up to 40 min and then decreased (Inset Figure 4b).

The UPLC-QTof-MS equipment was used for tandem msggsctrometry
(MS/MS) analysis. In the fragmentation of nucleefidusing soft ionization MS
methods, the loss of the base, via a 1,2-eliminat®a prominent reaction, yielding the
base as a deprotonated anion ([TH}).>* The MS/MS spectrum of the ion with mass
[dTs+Ptr-4H]*> was recorded in the ESinode and compared to that corresponding to
intact oligonucleotide ([dF2H]*) (Figure 5). The MS/MS spectrum of the product
showed a fragment an/z 286 that was missing in the MS/MS spectrum of the
dicharged ion of the [d&5F2H]* (Figure 5). This fragment corresponds to the Thield
to a Ptr ([Thy+Pt3H]"). Interestingly, this peak a&m/z286 has already been observed
in the MS/MS spectrum of the dT-Ptr and dTMP-Ptdwd, resulting from irradiation
of Ptr with the free nucleoside dT or nucleotideviF, respectively*°In this context,
it was proposed that the Thy unit was linked thiotlge CH group to position 6 or 7 of
the pterin moiety° Therefore the results obtained in this work sthpreuggest that,
after the electron transfer step, the radicals i@ms neutral radicals formed by
protonation/deprotonation) combine to yield an addwuhere the pterinic moiety is
covalently attached to the oligonucleotide. Althbugore experiments would be
necessary to determine the specific way the twoeoudks are linked, the structure
depicted in Scheme 1 can be proposed for the adioiuoed in dE. Likewise, it is not
possible to differentiate if there is a preferrexipon in the chain for the formation of

the adduct (end or middle).
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Figure 5. MS/MS spectra recorded in ES1 mode of a) the di-charged ion of df ([dT s
2H]* and b) the di-charged ion of the product witht, at 7.3 min ([dTs+Ptr—4H]*). Analysis
of a solution containing dTs and Ptr after 40 min of irradiation under anaerobic

conditions.
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Scheme 1. Proposed molecular structure for the addti formed when dTs is irradiated in

the presence of Ptr under anaerobic conditions.

The mass spectra of solutions irradiated for lomge$ under anaerobic
conditions were recorded at differetatvalues to look for additional products. Mass

spectra registered fay values in the range 6.9 - 7.0 min showed a sesigsfals with
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m/z 889.16 (Figure 4c), which corresponds to a di-gédrion of an oligonucleotide
bearing two molecules of Ptr ([¢f2Pt6H]*). The mass chromatograms of irradiated
solutions registered for the specific ion mass dfsf2Pt6H]> showed two peaks
(Inset Figure 4c), suggesting the formation of esist two isomers with differert
values. These peaks were integrated, and data dhibvaethe concentrations of these
products increased as a function of irradiationetifinset Figure 4c). It is worth
mentioning that the detection of two adducts in shene molecule indicates that the
covalent binding of the first Ptr moiety does no¢yent the addition of a second one
due to steric hindrance.

UV-A irradiation of air-equilibrated aqueous sotuts containing dd and Ptr
also led to significant spectral changes (Figurg 8balysis by HPLC-PDA showed
that the chromatographic peaks corresponding th thee d§ and Ptr also decreased
with irradiation time (Figure 6). New peaks, withvalues close to that of the intact
oligonucleotide were detected in the irradiated [am (Figure 6), revealing the
formation of several photoproducts. However, intcast to experiments carried out
under anaerobic conditions, the products did notvsabsorption in the UV-A (Insets
Figures 6 and 7). Moreover, analysis by HPLC-FLvata that the photoproducts of the
degradation of df (with t, values close to that of the intact oligonucledtidal not
fluoresce upon excitation at 350 nm (Figure 7)stBuggesting that those products do
not bear the pterin moiety.

The results showed that the photochemical proaeske presence of oxygen
does not lead to the binding of the pterin moietytite oligonucleotide, which is in
agreement with the behavior observed using dTMR asibstratevide supra. It is
worth mentioning that the rate of Ptr consumptietedmined under aerobic conditions

was equal within the experimental error to thaisteged in a control performed in the
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absence of dil Therefore the consumption of Ptr correspondsthia case, to the

photolysis of the photosensitizer itself and nothe formation of an adduct with the

oligonucleotide.
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Figure 6. HPLC analysis of an air-equilibrated soltion containing dTs and Ptr before
(solid line) and after 40 min (dashed line) of irraiation. Chromatograms obtained using

the PDA detector at 280 nm. Insets: absorption sp&a of the products and detail in the

range 300-420 nm. [Ptr§ = 150uM, [dT s]o = 50uM, pH = 5.5+0.1.
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Figure 7. HPLC analysis of an air-equilibrated soltion containing dTs and Ptr before
(solid line) and after 40 min (dashed line) of irrdiation. Chromatograms obtained using
the PDA detector at 340 nm. Left inset: evolution fothe Ptr concentration as a function of

irradiation time; right inset: chromatograms obtained using the fluorescence detector

(excitation at 350 nm, emission at 450 nm); [Ptg]= 150uM, [dT s]o = S5O0uM, pH = 5.5+0.1.

In addition, mass spectrometry analysis was peror The mass
chromatograms of air-equilibrated solutions irréeliain the 5-60 min time range were

registered for the specific ion masses correspgnttinthe products with one and two
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pterin residues attached to the oligonucleotidd {f&tr4H]* and [d&+2Pt6H]%).
None of these peaks were observed in the chronategconfirming that the Ptr is not

attached to the oligonucleotide in the presenaexgfen.

Photosensitization of eukaryotic DNA

After having investigated the interaction betweernr RAnd dFE, the
photoreactivity of Ptr and formation of an addudreinvestigated in the presence of
double stranded DNA. The concentration of calf tbgmDNA was calculated in
micromolar of base pairgifl bp), using the corresponding molar absorptiorffenent
at 260 nm €o60nm = 13200 M'cmi).®* The experiments were carried out in aqueous
solution at pH condition 6.5 + 0.1 in which DNA feund in the physiologically-
relevant B-form conformatioft*’ The samples were analyzed before and after
irradiation by HPLC-PDA and HPLC-FL, using a sizesl@sion column. Due to the
differences in size, both reactants were well sgpdr witht, values of 5.0 min and
12.9 min for the DNA and Ptr, respectively.

Before studying the damage to DNA photoinducedtry we set out to control
the interaction between the two molecules. An agsesolution containing Ptr (150
pM) and DNA (150puM bp) was prepared and kept in the dark for 6 h@irsoom
temperature. The solution was analyzed by HPLCadstestate fluorescence and
spectrophotometry at different times after its jpregion. The absorption and the
emission spectra of Ptr did not change in the aealtime window. In the same way,
the area of the chromatographic peaks correspon@ingNA and Ptr did not vary
either. In addition, in the HPLC-FL chromatogranasfluorescence compatible with Ptr
properties was detected in the DNA peak. Finalyy DNA incubated with Ptr was

separated with Sephadex columns and no emissiometasted upon excitation at 350
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nm. These controls allowed to discard the inconpamaof the photosensitizer to the
macromolecule in the dark, at least, for 6 houtse hteraction between Ptr and DNA
is negligible or needs more time to occur. Consetiyethe photolysis experiments
were performed within this time window.

A solution containing DNA(150 uM bp) and Ptr (15QuM) was bubbled with
Argon and then irradiated. HPLC-PDA analysis showbdt besides the peak
corresponding to the intact DNA molecule, a newkpataat, value close to that of the
intact DNA {: = 5.4 min) appeared upon irradiation (Figure &ay its area increased
with irradiation time. Chromatograms recorded & 8#m showed only one peak with a
maximum corresponding to the product detected mroatograms recorded at 260 nm
(Figure 8b). Moreover, the absorption spectra medifor this peak showed a band in
the UV-A region (Inset Figure 8a), indicating theegence of the pterin moiety. It is
noteworthy that no absorbance at 340 nm was obddovahe peak of the intact DNA.
In control experiments, no changes in the chronratog of aqueous solution of DNA
were registered, even after irradiation for morantil20 min, thus excluding the
possibility that spurious effects of direct lighisarption by the nucleobases could lead
to alterations in the macromolecule.

If we assume that the molar absorption coefficiehtPtr does not change
significantly, the amount of Ptr attached to thecroemolecule can be estimated, using
the calibration curve of the free photosensitiZes.shown in Figure 8c, in 90 min of
irradiation the concentration of Ptr attached ® EINA is 16.5uM, which corresponds
to a molecule of Ptr every 9 base pairs. The rat@aorporation of Ptr to the DNA
molecule was lower than the rate of consumptioPtof which is logical taking into
account that Ptr underwent photodegradation in ahsence of DNA (Figure 8c).

However, the rate of consumption of Ptr in the pneg of DNA was higher than in its
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absence, and the difference corresponded, witl@reperimental error, to the rate of

incorporation of Ptr to the DNA (Figure 8c).
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Figure 8. HPLC analysis of a solution containing DR and Ptr before (solid line), after 60
(dashed line) and 120 min (dashed-dot line) of ir@diation under anaerobic conditions.
Chromatograms obtained using a) the PDA detector é260 nm, b) the PDA detector at 340
nm, c) evolution of the free and attached Ptr conedrations as a function of irradiation
time, d) evolution of the area of the peaks corregmding to fluorescent products. Insets: a)
absorption spectrum recorded for the peaks registed with the solution irradiated 60 min
and detail in the range 300-500 nm, b) chromatogramobtained using the fluorescence
detector (excitation at 350 nm, emission at 450 nm{Ptr] o = 150uM, [DNA] o = 150uM bp,
pH = 6.5+0.1.

HPLC-FL analyses showed that, apart from the Riakp only the peak
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corresponding to the DNA product presented fluaase upon excitation at 350 nm
(Inset Figure 8b), which is in agreement with HPRDA analysis. The area of this
peak increased with irradiation time (Figure 8dhefefore, it can be concluded that,
upon irradiation under anaerobic conditions, Ptne®rporated into the DNA structure,
and the product formed retains some spectroscapipepties of the photosensitizer
such as its absorbance in the UV-A region andutséscence.

In another set of experiments, irradiated air-elgated aqueous solutions
containing DNA (150uM bp) and Ptr (15QuM) were analyzed. The chromatograms
registered at 260 nm showed that the intact DNA wagsumed upon irradiation
(Figure 9a). Simultaneously the area andtthalue of the maximum of a broad peak
corresponding to the products increased with iatiain time. This behavior indicated
that the DNA molecule was randomly cut yieldinggimeents in a wide range of
molecular weights. The fragmentation of DNA phothined by pterins in the presence
of oxygen has been reported in the literaftife.

The chromatograms registered at 340 nm presentdd path shapes similar to
those registered for the chromatograms at 260 ngui@& 9b). The total area of the
products with absorbance at chromatograms at 34@idnmot steadily increase with
irradiation time, as in the case of the photolysiger anaerobic conditions (Figure 8),
but it reached a plateau at about 60 min of irtamha(lnset Figure 9b). However,
absorption spectra recorded at differenalues and for different irradiation times did
not show the typical absorption band of pterinsétrFigure 9a). It is worth mentioning
that several oxidation products of guanine pressdgorption bands in the UV-A
region®®3 The area of the products at 340 nm as a functfothe irradiation time
showed a very fast increase during the first hduphmtolysis and reached a plateau

after 1.5 hours. This behavior may be explainea ligst oxidation of guanine residues.
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Moreover, HPLC-FL analysis showed a total fluoreseeintensity lower than that
observed in oxygen-free solutions, which can babated to the emission of some

products of guanin&

€15 1.0 ] o \.‘

o 208 AV

< s 021 \\
g £06 P\

o o
_g oY 300 400
5 0.2 A (nm)
3 0.0 .
< 200 400

o= A (nm)
£ £12
3 Jd <

o N

2 IR

£ 2 I\ S 41
2 T

5 I R o
2 11 ’l RN 0 40 80 120
< | M ~... lrradiation time (min)
[ S,
O M .N““”“?W.;‘r@m‘m

45 5.5 6.5 75 8.5 9.5
Retention time (min)

Figure 9. HPLC analysis of a solution containing DI and Ptr before (solid line), after 60
(dashed line) and 120 min (dashed-dot line) of irdiation under aerobic conditions.
Chromatograms obtained using a) the PDA detector 8260 nm and b) the PDA detector at
340 nm. Insets: a) absorption spectra recorded fathe peaks registered with the solution
before (solid line) and after 60 min (dashed line)f irradiation and detail in the range 300-

500 nm; b) evolution of the area of the peaks of éhchromatograms registered at 340 nm.

[Ptr] o = 150uM, [DNA] o = 150uM bp, pH = 6.5+0.1.

Although Ptr-Thy adduct is formed in the anaeropimtochemical processes
with free thymine nucleotide (dTMP) and glThe formation of an equivalent adduct in
DNA, a much more complex molecular system, is ntaightforward. In this
macromolecule the nucleobases are not completg@lgsexi and the dynamic processes
can be hindered. In addition, the other nucleobasight efficiently compete with

thymines for the electron transfer to the tripletited state of Ptr. In particular, purine
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nucleobases (guanine and adenine) are more reati@re Thy due to their lower
ionization potentiald’ It is also worth mentioning that the other pyrimielinucleobase,
cytosine (Cyt), has not been investigated in previstudies, and then the formation of a
Ptr-Cyt adduct cannot be discarded.

Therefore, to investigate the formation of Ptr adduwith other nucleobases
different from Thy, solutions containing Ptr andrae nucleotide were irradiated in
similar conditions as those used in the experimeiitts dTs (pH, energy, etc), which
are, in turn, similar to those used previously toe synthesis of the Ptr-Thy adduct,
using dTMP as a substrate (see Introductiom). this way, the following nucleotides
were used: 2’-deoxyguanosine 5°-monophosphate (§GKPRdeoxyadenosine 5'-
monophosphate (dAMP) and 2"-deoxycytidine 5 -momgphate (dCMP). Thus each
O.-free solution containing Ptr (15{M) and a given nucleotide (1 mM) was irradiated
and then analyzed by HPLC. Additionally a contrtl $dlution without any nucleotide
was also irradiated under the same experimentalitons. For the three investigated
nucleotides, no evidence of the formation of adslwas found, that is, i) no difference
between consumption of Ptr in the presence anchénabsence of nucleotide was
observed; ii) no fluorescent products were detecfHtese results supported the
hypothesis that the fluorescent product(s) formdeerwDNA was irradiated in the
presence of Ptr under anaerobic conditions wasjvirerel hy adduct(s).

On the other hand, when a solution containing Rtt RNA were irradiated in
the presence of oxygen the adduct was not formedtla@ prevalent effect on the
macromolecule is the random cleavage, probablytdu@e oxidation at the guanine
sites, as previously reporté®® Considering the behavior observed for the Ptr-
photosensitization of free nucleotid®%' (see Introduction), a similar mechanism can

be assumed for the DNA. The oxidation of the Ptiigal anion by dissolved £
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prevents the formation of the Ptr-Thy adduct.

In summary, the yields of the different chemicabdqasses photoinduced by Ptr
in the DNA molecule strongly depend on the preseri@®,: in air-equilibrated solution
random cleavage takes place, whereas in the absd#n€e the Ptr-Thy adduct is
formed. Indeed, the Oconcentration value in biological systems is befwvénese two
limit concentration conditions. Since in some tessthe @ concentration can be very
low and Ptr freely passes across biomembrahtés formation of the Ptr-Thy adduct
cannot be discarded in cellular DNA. In additidne ttoncentration of Ptr used in our
studies is in the same order of magnitude as tdesermined for oxidized pterins in
diseased skin cell€.g.in human keratinocytes and cells cultures frontisadlister

roofs3®

Fluorescence properties of the Ptr-Thy adduct

As reported previously the Ptr-Thy adduct formed reaction of dTMP is
fluorescent, and its emission spectrum is simitathat of free Ptf* To study the
fluorescence properties of the products of thepRttosensitization of DNA, the
samples irradiated under anaerobic conditions weri#ied through a sephadex column
to eliminate the free Ptr. The fluorescence speatftthe isolated DNA were recorded by
excitation at 350 nm for different irradiation timérigure 10). Under these conditions,
the emission was negligible before irradiation, foamng that the free Ptr was
efficiently eliminated, and increased with irrathat time, indicating that the
photochemical process generates fluorescent preduat accumulated during, at least,
4 hours. In addition, the intensity of the excttatspectra also increased with irradiation
time (inset Figure 10). The emission and excitatgpectra were similar to those

reported for free Pft.
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Figure 10. a) Emission spectra, obtained upon exaiion at 350 nm, of DNA samples
irradiated in the presence of Ptr under anaerobic enditions (solid line). For comparative
purposes the spectrum of a sample irradiated in thepresence of Ptr under aerobic
conditions was included (dashed line). Inset: corsponding excitation spectra obtained at
440 nm. The irradiation time appears above each spgum. The DNA was separated from
Ptr by chromatography. [Ptr] o = 150uM, [DNA] ¢ = 150uM bp, pH = 6.5+0.1. b) Emission
spectrum, obtained upon excitation at 350 nm, of dffsamples irradiated 60 min in the
presence of Ptr under anaerobic conditions. Insetcorresponding excitation spectrum
obtained by fixing the emission wavelength at its aximum ca. 440 nm. The d¥ was

separated from Ptr by chromatography. [Ptr], = 150uM, [dT s]o = 50uM, pH = 5.5+0.1.

In another set of experiments samples irradiatetkuaerobic conditions were
also purified through a sephadex column to eling@rthe free Ptr and the fluorescence

spectra of the isolated DNA were recorded understrae experimental conditions as
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those used for the analysis of the oxygen-freetisois. After four hours of irradiation,
the DNA irradiated in the presence of oxygen shofieatescence (Figure 10a), but its
intensity was lower than that registered for onerhof irradiation under anaerobic
conditions. This weak fluorescence might be duestone Ptr attached to the
macromolecule, which seems unlikely, taking intccamt the behavior observed for
the dTMP and dd; and that the maximuf the corresponding excitation spectrum did
not match to the maximum of the spectra recordedhen anaerobic experiments.
Alternatively, the weak emission might be due te #fmission of some fluorescent
products of guanine, previously reportéd.

The products of the reaction usingsdds a substrate were isolated from the
HPLC runs (Experimental). In particular, the oxygese irradiated solutions of the
oligonucleotide and Ptr were injected in the HPLgtipment and the fraction in the
range oft, between 22 and 23 min was collected (Figure 2)s Titaction contained
most of the products of dTand the remaining intact oligonucleotide. Fluoezse
analysis of this solution showed emission and akom spectra similar to those
registered for the DNA products (Figure 10).

Finally, time-resolved experiments were perforneadthe samples described in
the previous paragraphs, that is, oxygen-free oisitcontaining Ptr and DNA or T
were irradiated and then the photosensitizer waarated through sephadex column
filtration or HPLC, respectively. The study wasfpemed by excitation at 341 nm and
the corresponding fluorescence decays were recatld80 nm (Figure 11). For both
samples the emission decays were clearly bi-expg@hewith a main long-lived
component and a minor short-lived component. Taheréiscence lifetimesd) and the

pre-exponential factors were similar for both sasp(Figure 11). Moreover, thg

values of the long-lived components were in theesander that ther reported for free
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Ptr in aqueous solution (7.6 (+0.4) fAs).
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Figure 11. Emission decays recorded at 450 nrits(. = 341 nm). Insets: residual analysis. a)
DNA samples irradiated in the presence of Ptr underlnaerobic conditions. [Ptr = 150
UM, [DNA] o = 150uM bp, pH = 6.5+0.1. b) dT; samples irradiated 60 min in the presence
of Ptr under anaerobic conditions. [Ptr = 150uM, [dT s]o = 50uM, pH = 5.5+0.1.

The results presented in this section showedthigaphotoproducts formed with
both substrates are fluorescent with emission ptiggesimilar to that of Ptr. This fact
is relevant because it means that Ptr retains lutsréfscent properties when it is
covalently linked to DNA. It is worth mentioning a&h the similarity in the results
obtained for products of gTand DNA suggests that the fluorophore(s) in babkes
is(are) the same. Finally, the determination of fluorescent components might be due

to the formation of several products with the ptenoiety linked in different way to the

substrates.

Conclusions

The photochemistry of the DNA biomacromolecule imsissue of paramount

importance as it is part of the etiology of skimoar development, being ultraviolet
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sunlight radiation the most relevant environmentatcinogen. Herein, we demonstrate
the potential of pterin, an endogenous compoundprta covalent adduct under UVA
irradiation in the absence of oxygen.

Thus, in a first stage, UV-A irradiation (350 nmj oxygen-free agueous
solutions (pH 5.5) containing the single strandethbthymidine 5-mer oligonucleotide
(dTs) and pterin (Ptr) showed the formation of a contladduct consisting of the
pterinic moiety covalently attached to a thyminehy)l base. Moreover, the
oligonucleotide bearing two molecules of Ptr wasoabbserved. In contrast, in the
presence of oxygen the photochemical process duidead to the binding of the pterin
moiety to the oligonucleotide. Our studies wereeegked toeukaryotic DNA. The
yields of the different chemical processes photooed by Ptr onto the DNA molecule
strongly depend on the presence of oxygen: incuuilibrated solution random cleavage
takes place, whereas in the absence of oxygenformation of covalent adduct is
observed. The Ptr-Thy adduct formed with both lgalal substrates retain the
spectroscopic properties of the photosensitizgr;ahsorption band in the UV-A region
and similar fluorescence emission properties.

Indeed, these results might be biologically reléyvand formation of the Ptr-Thy
adduct cannot be discarded in cellular DNA in catioa with the facts that)the Q
concentration can be very low in some tissuas), Ptr freely passes across
biomembranes, andi( the concentration of Ptr used in our studies ihe same order
of magnitude as those determined for oxidized psein diseased skin cells. Altogether
the findings point toward the role of Ptr as endwmyes sensitizer and genotoxic

compound.
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Figure S1.Time evolution of the absorption spectrum of a sotion of dTs irradiated in
the presence of Ptr. a) Experiment performed in theabsence of oxygen; b) experiment
performed in the presence of oxygen. Optical patrehgth = 1.0 cm; [Ptr}, = 150uM, [dTs]o
=50uM, pH =5.5.
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Highlights

A nove adduct between pterin and DNA constituentsis formed under UV-A exposition.

The adduct present the photophysical properties of the pterin.

Thymineisthe target of DNA to form the adduct.

Pterins are endogenous photosensitizers and might act as genotoxic compounds



