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0 | 5’-monophosphate: mechanism of the competitive
ClesPOLIRIBEIAE reactions and product characterization

. P . . . . .
Mariana P. Serrano, (2 Sandra Estébanez Ruiz,? Mariana Vignoni,®

Carolina Lorente,? Patricia Vicendo,® Esther Oliveros® and Andrés H. Thomas ®~

15 15

UV-A radiation (320—-400 nm) induces modifications to different biomolecules through photosensitized reactions.
Oxidized pterins are efficient photosensitizers that accumulate in the skin affected by vitiligo, and photoinduce
the oxidation of guanine in a process initiated by an electron transfer from the nucleobase to the triplet excited

20 state of the photosensitizer. In this work, we have investigated the degradation of 2’-deoxyguanosine 20
5’-monophosphate (dGMP) photosensitized by pterin (Ptr), the parent compound of oxidized pterins, in
aqueous solutions under UV-A irradiation. We have identified five products containing the oxidized guanine

Received 4th March 2017, moiety: the deoxyribonucleoside 5-monophosphate derivatives of imidazolone, dehydroguanidinohydantoin,

Accepted 21st June 2017 guanidinohydantoin, oxazolone and spiroiminodihydantoin. An additional product with a much higher

molecular weight, denoted P680, was also detected. The MS/MS analyses show that this compound contains

55  DOI: 10.1039/c7nj00739f 25
an intact guanine moiety and a modified one. The dependence of the rate of product formation on
rsc.li/njc experimental conditions was analyzed and a general mechanistic scheme is proposed.

30 |ntroduction skin."" In vitiligo, a skin disorder characterized by a defective 30

protection against UV radiation due to the acquired loss of
Electromagnetic radiation induces modifications to different bio- constitutional pigmentation,'* the H,Bip metabolism is
molecules and is implicated in the generation of human skin altered™® and unconjugated oxidized/aromatic pterins accumu-
cancers.” Most of the solar UV energy incident on Earth surface late in the affected tissues.

35  corresponds to UV-A radiation (320-400 nm), which is not absorbed In the late 1990s it was reported that UV-A excitation of 35
significantly by DNA and proteins, but acts indirectly by photo- pterins induces DNA damage.'**® In the context of our studies
sensitized reactions driven by both endogenous and exogenous on the photosensitizing properties of pterins, we have pre-
photosensitizers. Epidemiological evidence has shown that expo- viously demonstrated that pterin (Ptr), the parent unsubsti-
sure of humans to artificial UV-A radiation, now recognized as a tuted compound of oxidized pterins (Fig. 1a), and the vitiligo-

40 class I carcinogen,” is a major risk factor for melanoma related pterin derivatives (biopterin, formylpterin and carbox- 40
induction.”™ Photosensitization is also important due to several ypterin) are able to photoinduce the degradation of purine
applications in disinfection®” and photodynamic therapy (PDT).>°  nucleotides (2'-deoxyguanosine 5’-monophosphate (dGMP)'7*

Pterins, heterocyclic compounds widespread in biological and 2’-deoxyadenosine 5-monophosphate (dAMP)"*?*°) in aqu-
systems in multiple forms, are present in human epidermis eous solutions. We have also demonstrated that pterins under

45 because 5,6,7,8-tetrahydrobiopterin (H,Bip) is an essential UV-A radiation photosensitize pyrimidine nucleotides,*! 45
cofactor in the hydroxylation of the aromatic amino acids."” biomembranes®* and proteins.>***

Several dihydro and tetrahydropterin derivatives participate in In the case of dGMP, mechanistic analyses® established
the metabolism of H,Bip and, hence, are also present in human that in Ptr-photosensitization two competitive pathways take
place: (i) one involves electron transfer (type I mechanism) and

50 @ mstituto de Investigaciones Fisicoquimicas Teoricas y Aplicadas (INIFTA), (ii) the other oxidation by singlet oxygen (102) (type I mecha- 50
Departamento de Quimica, Facultad de Ciencias Exactas, Universidad Nacional de  nism). The former process is initiated by an electron transfer
La Plata (UNLP), CCT La Plata-CONICET. Diagonal 113 y 64, (1900) La Plata, from the nucleotide to the triplet excited state of Ptr (*Ptr*)
Argentina. E-mail: athomas@inifta.unlp.edu.ar; Fax: +54 221 4254642; yielding the Ptr radical anion (Ptr*~) and the nucleotide radical

Tel: +54 221 4257430 ext. 189 . N ) . .
b Université Toulouse III (Paul Sabatier-Laboratoire des Interactions Moléculaires et cation (dGMP. ) (reactlon (1)) The latter species efﬁc1ent1y
55 Réactivité Chimique et Photochimique (IMRCP), UMR 5623-CNRS/UPS), 118, route ~ deprotonates to the corresponding dGMP neutral radical 55

de Narbonne, F-31062, Toulouse cédex 9, France
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(dGMP(-H)*) (reaction (2)). These radicals may recombine
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Fig. 1 Absorption spectra in air-equilibrated aqueous solutions at pH 5.5;
solid line: Ptr; dashed—dotted line: dGMP. The spectrum of the mixture is
the sum of the two individual absorption spectra.

(reaction (3)), avoiding the formation of products, a predomi-
nant reaction under anaerobic conditions. In contrast, in aerated
solutions, the electron transfer from Ptr*~ to molecular oxygen
(O,) (reaction (4)) prevents radicals recombination (reaction (3)),
regenerates Ptr and forms superoxide anion (O,° ). The latter
may, in turn, disproportionate with its conjugated acid HO,® to
form H,0, (reaction (5)). It has been also reported that O,
reacts very fast with guanine radicals according to two parallel
pathways: chemical repair with the restoration of the guanine
through electron transfer’®*” and addition.>®**?° The former
process has been recently demonstrated for dGMP (reaction
(6)).2°> The oxidation of dGMP(-H)* by 0,*~ and/or O, and/or
hydration may lead to different products (reaction (7)).

The type II mechanism is initiated by energy transfer from
*ptr* to O, leading to the regeneration of Ptr and the formation
of 'O, (reaction (8)). The guanine moiety reacts with 'O, leading
to different products® (reaction (9)). Several mechanistic and
kinetic studies have demonstrated that in the case of the
degradation of dGMP photosensitized by Ptr, the oxidation
via the type I mechanism is much faster than the oxidation
by 10,1725

Type I mechanism

*Ptr* + dGMP — Ptr*~ + dGMP** (1)
dGMP*" — dGMP(-H)*" + H' (2)
Ptr*~ + dGMP(-H)* + H' — Ptr + dGMP (3)
Ptr*” + O, — Ptr + 0,°* (4)
2H' +20,°" - H,0, + 0, (5)
dGMP(-H)* + 0,*” + H" — dGMP + O, (6)
dGMP( - H) 229 41GMP(ox) )
Type II mechanism
*Ptr* + O, — Ptr+ 'O, (8)
dGMP + 'O, — dGMP(0x) 9)

2 | New J Chem., 2017, 00, 1-11
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To the best of our knowledge, the products of the photo-
sensitization of the guanine moiety by compounds present in
the skin, such as pterins, have not been studied. Therefore in the
work reported here, the products of the photosensitized oxida-
tion of guanine by Ptr have been characterized and the mechan-
isms involved in each case elucidated. In particular, we have
focused our work on the events that take place after the
formation of the guanine radical cation and lead to different
products depending on the conditions (oxygen concentration,
solvent, presence of O, scavengers, etc.). To achieve these goals
we have conducted studies using Ptr as a model sensitizer and
dGMP as a target molecule. The results have been analyzed in
the context of previous mechanistic studies”*® and compared to
those obtained in other compounds containing the guanine
moiety, such as nucleosides, oligonucleotides and DNA.

We have carried out the experiments in aqueous solutions
containing Ptr and dGMP at pH 5.5-6.5. Under these conditions
UV-A irradiation only produces excitation of the acid form of Ptr*®
(pK, = 7.9*") (Fig. 1), which is the predominant species at physio-
logical pH. We chose Ptr as the photosensitizer because its photo-
chemical and photophysical properties are well characterized®' and
moreover this compound has been previously used for the photo-
sensitized oxidation of dGMP (vide supra)."”'®

Experimental section
General

Pterin (Ptr) was purchased from Schircks Laboratories (Jona,
Switzerland) and used without further purification. Methanol
was provided by Mallinckrodt Chemical. 2’-Deoxyguanosine 5’-
monophosphate (dGMP), formic acid, superoxide dismutase
(SOD) from bovine erythrocytes (lyophilized powder, >95%
biuret, >3000 units per mg protein) and other chemicals were
provided by Sigma-Aldrich used without further purification.

All the experiments were carried out in aqueous solutions
prepared using deionized water further purified in a Milli Q
Reagent Water System apparatus. The specific electrical resis-
tance of water was ~10 MQ cm. The pH measurements were
performed with a pH-meter sensION + pH31 GLP combined
with a pH electrode 5010T (Hach). The pH of the aqueous
solutions was adjusted by adding very small aliquots (few pL) of
concentrated (0.1-2 M) HCl or NaOH solutions using a
micropipette.

Aqueous solutions containing a Ptr and dGMP were irra-
diated in 1 cm path length quartz cells at room temperature
with a Rayonet RPR lamp emitting at 350 nm (bandwidth
~20 nm) (Southern N. E. Ultraviolet Co.). Experiments with
air-equilibrated solutions were performed in open quartz cells
without bubbling, whereas oxygen-saturated solutions were
obtained by bubbling for 20 min with this gas, previously water
saturated (Linde, purity >99.998%).

Analysis of irradiated solutions

UVNvis spectrophotometric analysis. Electronic absorption spec-
tra were recorded on a Shimadzu UV-1800 spectrophotometer.

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2017
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Quartz cells (optical path length of 1 cm) were used for the
measurements. The absorption spectra of the irradiated solutions
were measured at regular time intervals.

High-performance liquid chromatography (HPLC). A Promi-
nence equipment from Shimadzu (solvent delivery module LC-
20AT, on-line degasser DGU-20A5, communications bus module
CBM-20, auto sampler SIL-20A HT, column oven CTO-10AS VP,
photodiode array (PDA) detector SPD-M20A and fluorescence (FL)
detector RF-20A) was employed for monitoring the photochemical
processes. A Synergi Polar-RP column (ether-linked phenyl phase
with polar endcapping, 150 x 4.6 mm, 4 pm, Phenomenex) was
used for product separation. Solutions containing 3% of methanol
and 97% of 25 mM formic acid (pH = 3.2) were used as mobile
phase. In some cases, for further analysis, the products were
isolated from HPLC runs (preparative HPLC), by collecting the
mobile phase after passing through the PDA detector.

Mass spectrometry analysis. The liquid chromatography
equipment coupled to mass spectrometry (LC/MS) system was
equipped with an UPLC chromatograph (ACQUITY UPLC from
Waters), equipped with a UV/vis detector (Acquity TUV),
coupled to a quadrupole time-of-flight mass spectrometer (Xevo
G2-QTof-MS from Waters) (UPLC-QTof-MS), equipped with an
electrospray ionization source (ESI). UPLC analyses were per-
formed using an Acquity UPLC BEH C18 (1.7 um; 2.1 x 50 mm)
column (Waters), and isocratic elution with 25 mM formic acid
(pH = 3.2) at a flow rate of 0.2 mL min . The mass spectro-
meter was operated in positive and negative ion modes. For
high mass accuracy, the Q-Tof was calibrated using 0.1%
phosphoric acid in 50: 50 MeOH/H,O (vol/vol). The instrument
drift was compensated by applying a lock mass correction.
Depending on the experiment, the protonated guanosine (m/z
284.0995), the protonated base (m/z 152.0572), or other product
ions were used as lock mass. Therefore the samples were
injected in the chromatograph, the components were separated
and then the mass spectra were recorded for each peak of the
corresponding chromatograms. In addition, mass chromato-
grams, i.e. representations of mass spectrometry data as chro-
matograms (the x-axis representing time and the y-axis signal
intensity), were recorded using different scan ranges.

Fluorescence spectroscopy. Steady-state and time-resolved
fluorescence measurements were performed at room tempera-
ture using a single-photon-counting equipment FL3 TCSPC-SP
(Horiba Jobin Yvon), described elsewhere.’> To obtain the
fluorescence spectra the sample solution in a quartz cell was
irradiated with a CW 450W Xenon source through an excitation
monochromator and the luminescence, after passing through
an emission monochromator, was recorded at 90° with respect
to the incident beam using a room-temperature R928P detector.
In time-resolved experiments a NanoLED source (maximum at
341 nm) was used for excitation and the emitted photons, after
passing through a monochromator, were detected by a TBX-04
detector and counted by a FluoroHub-B module. The fluores-
cence quantum yields (@) were determined from the corrected
fluorescence spectra using eqn (10):

Or = ORIARIRA (10)

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2017
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where I is the integrated intensity, A is the absorbance at the
excitation wavelength (Zex.) and the superscript R refers to the
reference fluorophore. In our experiments quinine bisulfate
(Riedel-de Haén, Seelze, Germany) in 0.5 M H,SO, was used as
a reference (¥ = 0.546%). To avoid inner filter effects, the
absorbance of the solutions, at the excitation wavelength, was
kept below 0.10.

Results and discussion

Liquid chromatography/mass spectrometry analysis of
photoproducts

The products of the Ptr photosensitized oxidation of dGMP have
been characterized by liquid chromatography/mass spectrometry
(LC/MS), using a UPLC equipment coupled to a mass spectro-
meter (UPLC-QTof-MS, see Experimental section). The chroma-
tograms of solutions containing Ptr and dGMP, recorded before
irradiation using the UV/vis detector, showed two peaks at
retention times (¢;) of 2.4 and 2.6 min (Fig. 2a). Analyzes were
performed in both positive and negative ion modes (ESI' and

a)
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Fig. 2 Chromatograms of air-equilibrated aqueous solutions containing
dGMP and Ptr, recorded using the UV/vis detector (1, = 260 nm). (a) t;,, =
0 min; (b) ti, = 10 min. [dGMP]y = 300 pM; [Ptrlg = 150 uM, pH = 5.5. In (a)
molecular structures of Ptr and dGMP are depicted.
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Table 1 Values of m/z recorded for the molecular ions in MS spectra of the reactants and photoproducts

ESI" [M + H|

ESI [M — H]

Compound  Elemental composition [M]  Observed m/z  Calculated m/z  Error (ppm)  Observed m/z  Calculated m/z  Error (ppm)
Ptr CeH5N50 164.0565 164.0567 4.5 162.0422 162.0421 3.8
dGMP C10H;4N;O,P 348.0707 348.0703 0.6 346.0551 346.0558 0.5
P308 CgH,3N,0,P 309.0607 309.0595 2.2 307.0442 307.0449 0.5
P351 CoH14N504P 352.0667 352.0653 2.5 350.0501 350.0507 0.2
P353 CoH;N5OP 354.0821 354.0809 1.8 352.0659 352.0664 0.2
P379 C10H14N500P 380.0599 380.0602 2.2 378.0459 378.0456 2.1
P326 CgH;5N,OgP 327.0721 327.0700 4.7 325.0564 325.0554 4.5
P680 C1oH,6N10014P5 681.1197 681.1178 1.9 679.1029 679.1032 0.3

ESI™, respectively). For the peak at ¢, 2.4 min, the signals
corresponding to the intact molecular ion of Ptr as [M + HJ',
[M + K]" and [M — H]  species were observed at m/z 164.0565,
202.0129 and 162.0422, respectively (M = Ptr) (Table 1). For the
second peak (¢, = 2.6 min), the signals corresponding to the
intact molecular ion of dGMP as [M + H]", [M + K]" and [M — H|~
species were observed at m/z 348.0707, 386.0178 and 346.0551,
respectively (M = dGMP) (Table 1).

Chromatograms of irradiated solutions, recorded using the
PDA detector, showed that the area of the peak corresponding
to dGMP decreased, indicating that the nucleotide was con-
sumed in the process, in contrast to the photosensitizer as the
area of the Ptr peak remained constant. These results are in
agreement with the behavior reported for the UV-A irradiation
of air-equilibrated aqueous solutions containing Ptr and
dGMmP."

Besides the peaks corresponding to the reactants, several
superimposed peaks with ¢ values shorter than that of dGMP
were detected (Fig. 2b). The mass spectra in ESI” corresponding
to these chromatographic peaks revealed a set of ions (Table 1),
indicating the formation of several photoproducts with the
following molecular weights: 308.06, 326.07, 351.07, 353.08
and 379.06 Da. Therefore these products will be named as
P308, P326, P351, P353 and P379, respectively. The mass
chromatograms of irradiated solutions recorded for the specific
ion masses (Table 1) revealed that each chromatogram pre-
sented a unique peak, except for P353. In this latter case, at
least two isomeric products were formed with the corres-
ponding molecular weight, as the mass chromatogram
recorded for the m/z value corresponding to P353 presented
two peaks.

An additional chromatographic peak was recorded with a ¢,
value longer than that of dGMP (Fig. 2b). Mass spectra in ESI®
showed a weak signal at m/z 681.1197 (Table 1) with its
corresponding Na adduct at m/z 703.0257, and several addi-
tional peaks at lower mj/z values (289.0913, 485.1047 and
621.0293). The mass chromatograms recorded for the different
ion masses showed peaks with the maxima at the same ¢, values
and the same shape, suggesting that all the fragments corre-
spond to the same product. For this compound, the resolution
was better in ESI” mode than in ESI', and two intense peaks at
m/z 679.1029 and 339.0528 were observed that correspond to
the [M — H]™ and [M — 2H]* species of the peak at mj/z
681.1197 observed in ESI'. Therefore the results suggest that

4 | New J. Chem, 2017, 00, 1-11

there is at least one product with a ¢, higher than dGMP with a
molecular weight of 680 Da (called P680), corresponding to
almost twice the molecular weight of the intact nucleotide and
that in ESI' this product underwent fragmentation very easily.
To the best of our knowledge, this is the first time that products
derived from photosensitization of nucleotides with so high
molecular weights are reported. The analyses of this product
performed up-to now in an effort to establish its structure are
reported at the end of the Results and discussion section.

Tandem mass spectrometry analyses of photoproducts with ¢,
values shorter than that of dGMP

The UPLC-QTof-MS equipment was used for tandem mass
spectrometry (MS/MS) analysis (Experimental section). The
MS/MS spectrum of dGMP in the ESI' mode (Fig. 3) showed
that the loss of the guanine base (G), via a 1,2-elimination
reaction, yielded the base as a protonated cation ([G + H]', m/z
152.0536). The other observed peaks have already been
reported for the fragmentation of compounds bearing the G
moiety and correspond to [G — NH; + H]" (m/z 135.0265), [G -
HNCNH + H]" (m/z 110.0300) and [CsH;0]" (m/z 81.0270)
(Table 2).%473¢

Solutions containing dGMP (200 uM) and Ptr (150 pM) were
irradiated for 10 min and the MS/MS spectra of the products
listed in Table 1 were recorded. Under these conditions, the
peaks of the products P308, P351 and P353 (Fig. 4) were intense
and showed that the typical fragment corresponding to the G
moiety at m/z 152.0536, present in the MS/MS spectrum of
dGMP (Fig. 3), was missing. Besides, for all spectra, signals
corresponding to chemically modified G were observed: at m/z
113.0405 for P308, at 156.0524 for P351 and at 158.0672 for

ux280 ]

o 3480703
(Nr'\w
N ANHQ

0 |
%1 HO—;:’ —0 N
136.0265 OH
OH

100 1520636

810270 349.0729
0 - | L 1°'|0300 [M+H]'=348.0703 Da Shlee
60 100 140 180 220 260 300 340 380

Fig. 3 MS/MS spectrum of dGMP recorded in ESI* mode and fragmenta-
tion of dGMP via a 1,2-elimination reaction obtained using soft ionization
MS methods. Collision energy: 15 eV.
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Table 2 Observed and calculated mass/charge ratios, empirical formula
and mass errors of compounds and main fragments observed

Elemental
composition  Error
Fragment [M] Observed m/z Calculated m/z [M + H]" (ppm)
dGMP
G 152.0536 152.0572 CsH(N;O 23.9
G-NH, 135.0265 135.0307 CsH,;N,0 30.9
G-HNCNH 110.0300 110.0354 C,H,N;0 49.4
CsH4,0 81.0270 81.0340 CsH;50 86.9
dIzMP (P308)
Iz 113.0405 113.0458 C,H,N,0 51.6
dDGhMP (P351)
DGh 156.0524 156.0521 C,4HgN;50, 1.6
dGhMP (P353)
Gh 158.0672 158.0678 C,HgN;0, 3.8
dSpMP (P379)
Sp 184.0448 184.0465 CsHN;0; 12.3
dZMP (P326)
dZMP-CO, 283.0796 283.0802 C,H;(N,O,P 4.1
7-CO, 87.0623 87.0671 C,H,N, 54.2

P353 (Fig. 4 and Table 2). Taking into account previous analysis
reported for the oxidation of G derivatives,’” these fragments

100- 113.0405 st \
0 N—I 309.0595
ﬁ HN’rN»\NHg
%+ HO—Il’—O OI%
I
81.0261 [M+H]*=309.0595 Da ||E |
0 | | | miz
60 100 140 180 220 260 300 340 380
1004 Wx82 N " W 354.0829
00 o=(N Io NH—l
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Fig. 4 MS/MS spectra recorded in ESI" mode of the products (a) P308
(dIzMP), (b) P351 (dDGhMP) and (c) P353 (dGhMP) formed by Ptr photo-
sensitization of dGMP in the presence of O,. Collision energy: (a) 15 eV, (b)
9 eV, (c) 6 eV. The chemical structures of the photoproducts are depicted.
[dGMP]p = 200 pM, [Ptr] = 150 pM, irradiation time = 10 min.
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can be assigned to 2,5-diamine imidazolone or simply imida-
zolone (Iz), dehydroguanidinohydantoin (DGh) and guanidino-
hydantoin (Gh), respectively (Table 2). Therefore, as expected,
the oxidation took place on the G moiety and the detected
products can be identified as the corresponding deoxyribonu-
leoside 5’-monophosphates containing the oxidized G moiety;
Le., P308, P351 and P353 are dIzMP, dDGhMP and dGhMP,
respectively. The chemical structures of these products are
depicted in Fig. 4.

To register suitable MS/MS spectra of the other products, a
higher initial concentration of the nucleotide (800 uM) and a
longer irradiation time (60 min) were needed. In the MS/MS
spectra of P326 and P379 (Fig. 5), it can be observed that again
the fragment of the base G was missing and new peaks
corresponding to the modified G moiety appeared. The product
P326 showed the typical fragmentation pattern of compounds
bearing 2,2,4-triamino-2H-oxazol-5-one or simply oxazolone
(2),® with a fragment due to the loss of CO, at m/z 283.0796
and another at m/z 87.0623 (Fig. 5a and Table 2). The MS/MS
spectrum of product P379, in turn, presented a peak corres-
ponding to spiroiminodihydantoin (Sp) at m/z 184.0448°°
(Fig. 5b and Table 2). Consequently, P326 and P379 are also
products containing the oxidized G moiety, and may be identi-
fied as the deoxyribonuleoside 5’-monophosphates derivatives
of Z and Sp and will be denoted as dZMP and dSpMP,
respectively.

-

H o H
0
P j‘: ><NH;

o T ﬁ T SN TN,
Il

! —p—
—0 o= Ho—P—0
OH ’ OH

o,

OH OH
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283,0796_¥x16 "

100~
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| ?
0 m/z
60 100 140 180 220 260 380
100- 184.0448 380.0602
2640691 00 H
i
|
81.0267 HOPY oo W,
%. kj
OH
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Fig. 5 MS/MS spectra recorded in ESI" mode of the products (a) P326
(dZMP) and (b) P379 (dSpMP), formed by Ptr photosensitization of dGMP in
the presence of O,. Collision energy: 15 eV. The chemical structures of the
photoproducts are depicted. [dGMP]y = 800 pM, [Ptr] = 150 uM, irradiation
time = 60 min.
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Scheme 1 Photosensitized oxidation of guanine (G) via type | (electron
transfer) and type Il (oxidation by *O,) mechanisms (8-oxo-G: 8-oxo-7,8-
dihydroguanine, 1z: imidazolone, Z: oxazolone, Gh: guanidinohydantoin,
DGh: dehydroguanidinohydantoin, Sp: spiroiminodihydantoin).

'0, DGh

Although, to the best of our knowledge, no analysis of products of
photosensitization of free dGMP has been reported, these five
compounds correspond to well documented oxidation products of
G in different substrates (e.g. nucleosides, oligonucleotides, simple
and double stranded DNA). The compounds Gh and DGh are
products of type I and type II photosensitized oxidation of 8-oxo-
7,8-dihydroguanine (8-oxo-G), respectively (Scheme 1).**™*" This latter
compound is formed from G via both mechanisms. The corres-
ponding nucleotide 8-oxo-dGMP has a molecular weight of 363 Da
and was not detected in our system. However, this fact is not
surprising since 8-ox0-G is much more reactive than G itself.** 1z
is formed by reaction of the G neutral radical (G(-H)*) with the
superoxide anion (0, ) (Scheme 1).** Iz, in turn, yields Z.%° Finally,
oxidation of G by a type I mechanism leads to Sp** (Scheme 1).

Dependence of the rate of product formation on experimental
conditions

Air/O,. Consumption of dGMP by photosensitization with Ptr
is faster in air-equilibrated solutions than in O,-saturated
solutions.'”* This behavior, observed for the photosensitization
of other substrates,”"***” was explained as follows: quenching of
triplet excited state of Ptr (*Ptr*) (reaction (8)) prevents the
electron transfer from the nucleotide to *Ptr* (reaction (1)),
which is the predominant pathway in air-equilibrated solutions.
Thus the consumption of dGMP due to oxidation by 'O, is much
slower than that initiated by electron transfer. Therefore,
although a high O, concentration increases the production of
*0,, the net result is a decrease in the rate of dGMP consump-
tion. As a consequence, all the products arising from the type I
mechanism should be produced at a slower rate in O,-saturated
than in air-equilibrated solutions.

Comparative photolysis experiments were carried out in O,-
saturated and air-equilibrated solutions ([dAGMP], = 300 uM,
[Ptr] = 150 uM). As expected, the consumption of dGMP was
slower in O,-saturated solutions. The mass chromatograms in
ESI" mode for the masses corresponding to the products were
recorded at different irradiation times. The peaks corres-
ponding to dIzMP, dDGhMP and dGhMP could be integrated.
Although the concentrations of the three products increased

6 | New J Chem., 2017, 00, 1-11

NJC

'S
=3
[
=3
)
=

a) dlzMP b) dDGhMP ¢) dGhMP
30 15 15
s ;
<20 10 10
E 4 4
10 5 5
0 0 < 0

0 2 4 6 8 0 2 4 6
Irradiation time (min) Irradiation time (min)

8 0 2 4 6 8
Irradiation time (min)

Fig. 6 UPLC-QTof-MS analysis of irradiated solutions containing dGMP
(300 puM) and Ptr (150 puM). Area of the peaks of (a) dIzMP, (b) dDGhMP and
(c) dGhMP extracted from mass chromatograms recorded for the corres-
ponding specific masses (chemical structures in Fig. 4). Experiments
performed in air-equilibrated solutions (@) and in O,-saturated (V).

with irradiation time under both experimental conditions, the
rate of formation was faster in air-equilibrated than in O,-
saturated solutions (Fig. 6). Since the corresponding G oxida-
tion products Iz and Gh are formed via a type I mechanism
(Scheme 1), these results confirm that the electron transfer
pathway, which initiates the degradation of dGMP, is inhibited
by high O, concentrations.

Analysis of the behaviour of dDGhMP is more complex. DGh is
formed by oxidation of 8-oxo-G with 'O, (Scheme 1). As a con-
sequence, the rate of this reaction should increase at high O,
concentration. However, the reverse behaviour observed (Fig. 6b)
can be explained assuming that in the degradation of dGMP by Ptr,
8-0x0-dGMP is mainly formed by a type I photooxidation. Then the
quenching of 3ptr* by O,, in O,-saturated solutions, would inhibit
the production of 8-oxo-dGMP and, as a consequence, the for-
mation of dDGhMP would be also slower, although the steady-state
concentration of 'O, is higher than in air-equilibrated solutions.

D,0/H,0. As reported previously,"””** the rate of dGMP
consumption is slightly faster in D,O than in H,O, and very far
from the extent expected from the differences in *0, lifetimes in
the two solvents.”®*® This result suggests that the type II
mechanism, albeit taking place, plays a minor role in the overall
oxidation of dGMP photosensitized by Ptr. In our reaction
system we have identified dDGhMP and dSpMP that contain
the DGh and Sp moieties, respectively, the typical products of the
oxidation of G by 'O, (Scheme 1). To investigate in more detail
the pathways that involve 'O,, air-equilibrated solutions contain-
ing Ptr (150 pM) and dGMP (300 pM) in H,O and D,O at pH/pD
5.5 were irradiated under otherwise identical conditions. The
rates of formation of dIzZMP, dGhMP and dDGhMP were practi-
cally the same, within experimental error, in D,O and in H,O
(Fig. 7). These results are in agreement with those presented
above and support the hypothesis that the formation of these
products is initiated by an electron transfer step.

Even though 8-oxo-dGMP, the precursor of dGhMP and
dDGhMP, is produced through a type I mechanism, once 8-
oxo-dGMP is formed, the 'O,-mediated pathway yielding
dDGhMP should be strongly enhanced in D,0. Consequently
the ratio dGhMP/dDGhMP should be significantly different in
H,0 and D,O. In contrast, experimental data showed that this
ratio was almost the same in both media, suggesting that the
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Fig. 7 UPLC-QTof-MS analysis of irradiated air-equilibrated solutions
containing dGMP (300 pM) and Ptr (150 pM). Area of the peaks of (a)
dizMP, (b) dDGhMP, (c) dGhMP and (d) dSpMP extracted from mass
chromatograms recorded for the corresponding specific masses
(chemical structures in Fig. 4 and 5). Experiments performed in H,O (@)
and in D,O (V).

oxidation of 8-oxo-dGMP by 0, is not the only pathway leading
to the formation of dDGhMP.

On the other hand, the rate of SpMP formation was much
higher in D,O than in H,O (Fig. 7d), which was expected since
Sp is a compound reported as a typical product of the oxidation
of G by 'O, (Scheme 1). It is worth mentioning that the increase
in the rate of this pathway has a negligible effect on the overall
rate of dGMP consumption, confirming that the oxidation by
'0, is a very minor pathway in reactions photosensitized by Ptr.

Role of superoxide/SOD. It has been reported that super-
oxide anion (0O,°) reacts with guanine radicals very fast
according to two competitive mechanisms: chemical repair
with the restoration of the guanine through electron transfer
(reaction (11))**°° and addition leading to the predominant
formation of 2,5-diamino-4H-imidazolone (Scheme 1), dIzMP
in our case (reaction (12)).2°>? In addition, the presence of
superoxide dismutase (SOD), an enzyme that catalyzes the
conversion of 0,°” into H,0, and O,,>® caused a significant
increase in the rate of the dGMP degradation photosensitized
by Ptr."”*®

This result is due to the decreased efficiency of reaction (11).
However, since reaction (12) is also avoided in the presence of
SOD, the photosensitized oxidation of dGMP, under these
conditions, should lead to the increase of the formation of
products different from IdZMP (reaction (13)).

dGMP(-H)* + 0,°” + H" — dGMP + O, (11)
dGMP(-H)* + 0,*” — dIzMP (12)
dGMP**/dGMP(-H)* — dGMP(0x) (13)

o—

In order to evaluate the role of O,°  in the mechanism, air-
equilibrated solutions containing Ptr (150 uM) and dGMP (300
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Fig. 8 Analysis of irradiated air-equilibrated aqueous solutions containing
dGMP (300 puM) and Ptr (150 pM). Area of the peaks of (a) dizMP, (b)
dDGhMP, (c) dGhMP extracted from mass chromatograms recorded for
the corresponding specific masses (UPLC-QTof-MS). Area of the peak of
(d) P680 extracted from UV-chromatograms recorded at 340 nm (HPLC-
PDA). Experiments performed in the absence (@) and in the presence of
SOD (50 U ml™) (V).

uM) were irradiated in the presence and the absence of SOD
(50 UmL ™). As expected, the dIzMP formation in the presence
of SOD was much slower than in its absence (Fig. 8a). Surpris-
ingly, although the participation of O, in the production of
Gh and DGh has not been reported (Scheme 1), SOD also
caused decrease in the rate of formation of the corresponding
nucleotides (A(DGhMP and dGhMP) (Fig. 8b and c). Therefore,
other product(s) must be formed to explain that the dGMP
consumption is faster, as reported previously."®

Although the peak corresponding to the product P680 could
not be integrated to obtain a concentration profile, this product
is well separated by HPLC because it appears as the only
significant peak with ¢ higher than that corresponding to
dGMP. P680 could then be analyzed in HPLC-PDA runs and
the results showed that P680 was formed faster in the presence
of SOD than in its absence (Fig. 8d). Therefore when the
efficiency of reactions (11) and (12) decrease, dGMP*"/dGMP(~
H)® participates in other reactions leading to product P680.
Thus, taking into account the behavior observed in this experi-
ments, we could infer that secondary reactions between
dGMP*"/dGMP(-H)* and dGhMP and/or dDGhMP lead to the
formation of P680.

Analysis of product P680

In this work, we could detect by liquid chromatography and
mass spectrometry analyses one product with a ¢, value higher
than that of dGMP and a molecular weight of 680 Da (P680),
corresponding to almost twice the molecular weight of the
intact nucleotide (vide supra).

Mass spectrometry analysis. Suitable MS/MS spectra of P680
in the ESI” mode could be recorded (Fig. 9) and interpreted
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Fig. 9 MS/MS spectra recorded in ESI™ mode of the product P680
formed by Ptr photosensitization of dGMP in the presence of O,. (a)
Collision energy: 15 eV, (b) collision energy: 30 eV. [dGMP], = 800 puM,
[Ptr] = 150 pM, irradiation time = 60 min.

?83.0906

according to a 1,2-elimination that is the typical fragmentation
of nucleotides using soft ionization MS methods.>® At low
collision energy, the loss of the 2’-desoxyribose 5’-phosphate
leads to a predominant peak at m/z 483.0850 (elemental com-
position C;,H;¢N;(OgP, calculated m/z 483.0890, error 8.3 ppm)
(Fig. 9a). At higher collision energy, among the many fragments
observed (Fig. 9b), the ion at m/z 176.9343 is a well-known
fragment corresponding to the 2’-desoxyribose 5’-phosphate
moiety.>*

On the other hand, MS spectra in EST" mode of P680 showed
a weak signal at m/z 681.1197 and peaks at lower m/z values
(Fig. 10). If a fragmentation via a 1,2-elimination is assumed,
the peaks at m/z 485.1047 and 289.0913 can be assigned to the
fragments of the molecular ion (m/z 681.1197) corresponding to
the loss of one and two 2’-desoxyribose 5’-phosphate, respec-
tively. The former corresponds to the fragment at m/z 483.0850
observed in the MS/MS spectra recorded in ESI” mode (Fig. 9).
These results suggest that P680 consists in two nucleotides
linked by the bases. Moreover, the molecular weight of P680
corresponds to [dGMP + dDGhMP — H,0] and the fragment at
m/z 289.0913 corresponds to [G + DGh — H,O0 + H]" (elemental

100- 102,1248 b u
6210293
607.0293

0/
A’ 289.0913

681.1197

18,0023 485.1047

0 [] ] I' m/z

100 200 300 400 500 600 700 800

Fig. 10 MS spectrum in ESI* mode of the product P680 formed by Ptr
photosensitization of dGMP in the presence of O,. Collision energy: 30 eV.
[dGMP], = 800 uM, [Ptr] = 150 pM, irradiation time = 60 min.
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composition CoHoN;¢0O,, calculated m/z 289.0904, error 1.1
ppm). Therefore, we can infer that P680 is formed by one
molecule of dGMP and one molecule of dDGhMP linked by a
reaction between the corresponding bases in which a molecule
of H,O is lost. The participation of dDGhMP is also in agree-
ment with the results of the experiments performed in the
presence of SOD (Fig. 8).

Due to its low intensity MS/MS spectra in ESI" of the
molecular ion of P680 could not be recorded. However, the
ions of m/z 485.1047 and 289.0913 could be analyzed. The
former showed a fragment of m/z 289.0878 (|G + DGh — H,O
+H]") and other peaks correspond to typical fragmentation of G
moiety at m/z 272.0592 ([G + DGh — H,0 — NH; + H]"), m/z
247.0643 ([G + DGh — H,0 — HNCNH + HJ"), and the ribose
fragment at m/z 81.0250 ([CsHsO]") (Fig. 11a). The typical
fragmentation of G confirmed that, as suggested in the pre-
vious paragraph, a G derivative is present in the structure of
P680. In the MS/MS spectrum of the ion of m/z 289.0904, the
peak corresponding to the fragment m/z 247.0687 ([G + DGh —
H,O - HNCNH + H]") was also observed (Fig. 11b), in agreement
with the previous analysis. Finally, the MS/MS spectrum of ion
m/z 621.0300 showed a fragment at m/z 152.0523 (Fig. 11c),
which corresponds to the guanine moiety.

. 2890878
100 6N a)
810250 247.0643
%1 /272.0592
A
214.9140 4851047
0 o ‘ gl miz

100 200 300 400 500 600 700 800

289.0904
100
b)
Yo 2470687
0 . m/z
100 200 300 400 500 600 700 800
1001 ux10 N §23.0519 C)
152.0523 621.0300
% 4
289.0909
81.0270 622.0406
0 | || | ) iz
100 200 300 400 500 600 700 800

Fig. 11 MS/MS spectra recorded in ESI* mode of the product P680
formed by Ptr photosensitization of dGMP in the presence of O,. (a) ion
m/z 485; (b) ion m/z 289, (c) ion m/z 621. Collision energy: (a) 25 eV, (b)
and (c) 15 eV. [dGMP], = 800 puM, [Ptr] = 150 pM, irradiation time = 60 min.
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Scheme 2 Proposed chemical structure of product P680.

OH

At this stage, it is not possible to propose a definitive
chemical structure for the product P680. However, taking into
account both mass spectrometry and kinetic results in the
presence and absence of SOD, we can propose that dGMP*"/
dGMP(-H)* reacts with dDGhMP to yield an adduct. Although
other structures might be hypothesized and, even more, several
different products with molecular weight 680 Da might be
formed, the chemical structure depicted in Scheme 2 is the
one that, in our opinion, better explains most of the fragment
observed in mass spectrometry analysis.

Spectroscopic analysis. To obtain additional information
about this product, the irradiated solutions were analyzed by
HPLC-PDA (Experimental section) and its absorption spectrum
was recorded (Fig. 12). It is noteworthy that P680 presents an
absorption band centred at 335 nm that tails into the visible
region.

1.4 0
2038 =,
124506 g
204 23
2 =
= 0.2 E 24
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Fig. 12 Spectroscopic features of P680. Main graph: absorption spec-
trum of P680. Left inset: Corrected fluorescence spectra (Zeyxc = 330 nm).
Right inset: Emission decay recorded at 440 nMm (lexc = 341 nm), with
residual analysis.
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To investigate its fluorescence features, the product was
isolated from the HPLC runs in aqueous solution and its
emission was analyzed (Experimental section). The fluores-
cence spectrum, upon excitation at 330 nm, shows a band with
a maximum at 440 nm (Fig. 12) and the fluorescence quantum
yields was determined to be 0.031. Time-resolved experiments
were performed by excitation at 341 nm and the emission
decays were clearly triexponential with the following compo-
nents: 0.5 ns, 2.4 ns and 7.9 ns.

Conclusions

The degradation of the 2’-deoxyguanosine 5’-monophosphate
(dGMP) photosensitized by pterin (Ptr), the parent compound of
oxidized pterins, in aqueous solution under UV-A irradiation was
investigated. We identified five products containing the oxidized
guanine moiety: the deoxyribonucleoside 5’-monophosphate
derivatives of imidazolone (dIzMP), dehydroguanidinohydantoin
(dDGhMP), guanidinohydantoin (dGhMP), oxazolone (dZMP)
and spiroiminodihydantoin (dSpMP). Additionally a product
denoted P680 according to its molecular weight was detected.
P680 consists of one molecule of dGMP and one molecule of
dDGhMP linked by a reaction between the corresponding bases
in which a molecule of H,O is lost. This product presents an
absorption band centred at 335 nm that tails into the visible
region and fluoresces with a maximum at 440 nm and a
fluorescence quantum yield of 0.031. Further studies will be
needed to definitively identify P680 and to investigate the
formation of this kind of products in DNA molecules.

The whole of experimental results show that the degradation
mechanism of dGMP is initiated by an electron transfer from
dGMP to the triplet excited state of Ptr (*Ptr*) yielding the cor