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ABSTRACT 

Pterin (Ptr) is the model compound of aromatic pterins, which are efficient photosensitizers 

present in human skin, able to oxidize biomolecules upon UVA irradiation. Photosensitization 

involves a chemical alteration of a biomolecule as a result of the initial absorption of radiation 

by another chemical species, the photosensitizer. Under anaerobic conditions Ptr reacts with 

thymine (T) to form photoadducts (T-Ptr). In this work we present a method to prepare and 

purify T-Ptr adducts, using 2'-deoxythymidine 5′-monophosphate (dTMP) and single stranded 

oligonucleotide 5′-d(TTTTT)-3´ (dT5), and investigate their photosensitizing properties. 

Interestingly, Ptr moiety, when attached to T, retains its photophysical properties. The adduct 

dTMP-Ptr, upon excitation, forms singlet and triplet excited states, the latter being capable of 

transferring energy to dissolved O2 and generate singlet oxygen, with an efficiency similar to 

Ptr. In air-equilibrated solutions, both dTMP-Ptr and dT5-Ptr adducts are able to photosensitize 

the oxidation of tryptophan and 2′-deoxyguanosine 5′-monophosphate, two of the main 

targets of photosensitization in biological systems, with efficiencies close to that of free Ptr. 

The mechanisms involved in the oxidation of biomolecules can be either type I (electron 

transfer) or type II (singlet oxygen). 

  



INTRODUCTION 

Electromagnetic radiation induces chemical modifications to biological components 

present in living systems and participates in the generation of human skin cancers.1 Most of 

the solar energy incidence on Earth’s surface corresponds to ultraviolet A (UVA) (320–400 nm), 

visible (Vis) (400–700 nm) and infrared (>700 nm) radiations, which are poorly absorbed by the 

DNA, and, therefore, are responsible for only a low proportion of directly formed photolesions. 

However, UVA radiation is recognized as a class I carcinogen, and it mostly acts indirectly by 

means of photosensitized processes.2,3 A photosensitized reaction is defined as a process by 

which a chemical change occurs in one compound, the substrate or target, as a result of the 

initial absorption of electromagnetic radiation by another compound, the photosensitizer (or 

referred to simply as sensitizer).4 Different mechanisms have been described for 

photosensitization reactions of biomolecules, including type I and type II oxidations, triplet–

triplet energy transfer and formation of photoadducts.5,6 

Pterins are present in the human epidermis because 5,6,7,8-tetrahydrobiopterin 

(H4Bip) is an essential cofactor in the hydroxylation of aromatic amino acids7 and participates 

in the regulation of melanin biosynthesis.8 Melanin is a pigment of skin and the main 

protection against electromagnetic radiation.9 The H4Bip metabolism is altered in vitiligo10,11 

producing oxidized or aromatic pterins that accumulate in the affected tissues, which 

additionally suffer from depigmentation due to the lack of melanin production. Aromatic 

pterins12 are well known natural photosensitizers13,14 and are able to photosensitize the 

oxidation of many biomolecules.15,16 Pterin (Ptr), the parent unsubstituted compound of 

oxidized pterins (Figure 1), and the vitiligo-related pterin derivatives (biopterin, 6-formylpterin 

and 6-carboxypterin) are efficient photosensitizers of nucleotides.15,17 

In fact, it is now well established that oxidized pterins in aqueous solution at neutral or 

acidic pH absorb in the UVA range (320-400 nm) (Figure 1) and photosensitize the degradation 

of nucleobases mainly via type I mechanism. The oxidation of purines and pyrimidines through 

this mechanism has been extensively studied.18,19,20 All the nucleobases may undergo one-

electron oxidation, according to their corresponding ionization potentials that follow the 

order: guanine (G) < adenine (A) < cytosine (C) ~ thymine (T).21,22,23,24 G is thermodynamically 

the nucleobase most easily oxidized, and, as a consequence, it acts as the sink of positive 

charge migration and oxidatively generated lesions in double-stranded DNA.25,26,27,28 

Therefore, the amount of modified pyrimidine bases in a DNA molecule is lower than the total 

amount of pyrimidine bases that underwent electron transfer. However, this positive charge 

migration is not so efficient in single strand oligonucleotides.26 



 

Figure 1. Normalized absorption spectra of Ptr, dTMP and dT5 in air-equilibrated aqueous solutions at 
pH 5.5. Molecular structure of Ptr and dTMP. 

 

 Type I photosensitization of nucleobases by Ptr and other oxidized pterin derivatives 

starts with the electron transfer (or hydrogen abstraction) from the substrate (S) to the triplet 

excited state of Ptr (3Ptr*), leading to the formation of the corresponding pair of radicals 

(Reaction 1). In the presence of O2, the Ptr radical (Ptr•- or Ptr(H)•) reduces O2 to yield 

superoxide anion (O2
•-), together with regeneration of the photosensitizer (Reaction 2). 

Subsequently, O2
•- leads to the formation of H2O2 (Reaction 3). Concerning the radical of the 

substrate (S•+ or S(-H)•), it can undergo many different reactions and eventually gives rise to 

stable oxidized products. In the case of thymine substrates, after deprotonation or hydration, 

peroxyl radicals (T-OO•) are formed (Reaction 4). These radicals then participate in a series of 

pathways (Reaction 5) that finally yield a family of oxygenated products. The oxidation of 

various compounds bearing the T moiety by different photosensitizers has been thoroughly 

investigated18,29,30,31,32  These processes, using pterins as photosensitizers, have been studied 

for biomolecules containing G, A and T and other biomolecules under different experimental 

conditions.16,33,34 

3Ptr* + S  Ptr•-/PtrH• + S•+/S(-H)• (1) 

Ptr•-/Ptr(H)• + O2  Ptr + O2
•‒ (2) 

2H+ + 2 O2
•‒   H2O2 + O2 (3) 

S•+/S(-H)• + O2  S-OO• (4) 

S-OO•  S(ox) (5) 
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 The behavior observed for the UVA-photosensitization of nucleotides with Ptr in the 

absence of O2 is different. For purines, radicals are formed, but a recombination between Ptr 

and purine radicals takes place leading to the recovery of the reactants (Reaction 6).35 In 

consequence, no consumption of the nucleotide is registered. However, in equivalent 

experimental conditions, it was observed that the pyrimidine T is consumed.36 This process has 

been extensively studied using the nucleoside thymidine (dT), the nucleotide thymidine 5′-

monophosphate (dTMP), the single stranded 5-mer with sequence 5′-d(TTTTT)-3´ (dT5) and, 

also calf thymus DNA.33,36,37 The reaction between 3Ptr* and dT or dTMP leads to the formation 

of covalent adducts (Reactions 7 and 8), where the photosensitizer moiety, covalently linked to 

the nucleobase, preserves its photophysical properties and its ability to photosensitize the 

production of 1O2. The molecular mass of dT-Ptr and dTMP-Ptr adducts corresponds to [dT-

Ptr(-2H)]37 and [dTMP-Ptr(-2H)],33 respectively. This mechanism is possible only under 

anaerobic conditions because the presence of O2 rapidly leads to the elimination of Ptr radicals 

(Reaction 2) and prevents Reaction 7. 

Ptr•-/PtrH• + S•+/S(-H)•  Ptr + S (6) 

Ptr•-/PtrH• + S•+/S(-H)•  S(-H)-H2Ptr (7) 

S(-H)-H2Ptr  (S-Ptr)(-2H) (8) 

 Although the detailed mechanism for the formation of T-Ptr adducts has not yet been 

fully elucidated, a rational hypothesis is that one-electron oxidation of T by 3Ptr* leads to the 

formation of the 5-(uracilyl)methyl radical (T(-H)•) together with Ptr radical, which 

subsequently combine to form a T-Ptr adduct where the pterin moiety is reduced (dTMP(-H)-

H2Ptr) (Reaction 7). As soon as O2 is introduced in the solution, this precursor re-aromatizes to 

yield the stable product (T-Ptr)(-2H) (Reaction 8).33 The chemical structures of the 

intermediates involved in this hypothetical mechanism are shown in Scheme 1. If the 

irradiation takes place in the presence of O2, T-Ptr adducts are not detected, because, as 

explained before, both radicals are trapped by O2. Adducts are only formed under anaerobic 

conditions, but since Reaction 7 competes with Reaction 6, the quantum yield of adduct 

formation is low.33 Summarizing, to obtain T-Ptr adducts it is necessary to irradiate an O2-free 

solution containing both reactants (Reaction 7) and, then, to introduce air to form the stable 

compound (Reaction 8) (Scheme 1). 

 

 

O2 



 

Scheme 1. Mechanism proposed for the formation of the adduct T-Ptr. Ptr: pterin; T: isolated 
thymidine, dTMP, or thymine inserted into an oligonucleotide or DNA. 
 

 As abovementioned, the low ionization potential of G should avoid the formation of T-

Ptr by reducing the formed T radicals. In this context, recent studies demonstrated that indeed 

G radicals can be obtained by electron transfer to T radicals (Reaction 9).38 Remarkably, this 

process does not completely inhibit the formation of the dTMP-Ptr adduct, which is detected, 

albeit in smaller amounts than in the absence of 2′-deoxyguanosine 5′-monophosphate 

(dGMP), during the irradiation of an O2-free solution containing dGMP, dTMP and Ptr.38 This 

result is in agreement with the characterization of T-Ptr adducts in calf thymus DNA36 and 

oligonucleotides containing G and T38 and evidences that G cannot totally avoid the formation 

of the photoadducts. 

G + T•+/T(-H)•  G•+/G(-H)• + T (9) 

 The T-Ptr adducts retain the spectroscopic properties of the photosensitizer; e.g. an 

absorption band in the UVA region and similar fluorescence properties.33,36,37 In addition, it was 

demonstrated that the adduct with dT is able to photosensitize de production of 1O2. These 

features suggest that T-Ptr adducts might have photosensitizing properties, which would be of 

particular relevance since these adducts are derived from two endogenous components and 

can be inserted in oligonucleotides or DNA molecules. In this work, we present for the first 

time a method to prepare and purify dTMP-Ptr adducts and investigate their photosensitizing 

properties using small biomolecules as oxidizable substrates. In particular, we used dGMP and 

Trp, which are two of the main targets of photosensitization in biological systems, to compare 

the T-Ptr adducts photosensitizing efficiency with free Ptr and discuss the involved 

mechanisms. 
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EXPERIMENTAL SECTION 

General 

Pterin (Ptr) solutions were prepared using the solid reagent provided by Schircks 

Laboratories (Switzerland) to the highest purity available (>98%) without further purification. 

2'-deoxythymidine 5′-monophosphate (dTMP), 2′-deoxyguanosine 5′- monophosphate 

(dGMP), single stranded oligonucleotide 5′-d (TTTTT)-3´ (dT5), tryptophan (Trp) and 

phenalenone (PN) were provided by Sigma-Aldrich Laboratories and used without further 

purification.  

The pH measurements were performed with a pH-meter sensION and a combined pH 

microelectrode when required. The pH of the aqueous solutions used was adjusted using small 

volumes of 2M HCl and NaOH solutions. 

 

Steady-state Irradiation 

Samples were irradiated using 3 Rayonet RPR 3500 lamps (Southern N.E.Ultraviolet 

Co.) with emission centered at 350 nm [bandwidth ~20 nm], arranged in a black box so that 

the cell containing the sample is surrounded by the lamps. 

When anaerobiosis conditions were required, the samples were bubbled with argon 

(Linde, purity >99.998%), previously hydrated in a water trap to prevent the bubbled solution 

from concentrating. An argon-filled balloon was placed over the cell lid to maintain anaerobic 

conditions throughout the irradiation. 

 

High-performance liquid chromatography (HPLC) 

High-performance liquid chromatography (HPLC) was used for isolation of the T-Ptr 

adducts (preparative HPLC) and for analysis of the irradiated solutions (analytical HPLC). 

Preparative HPLC. A Prominence equipment from Shimadzu (solvent delivery module LC-20AT, 

online degasser DGU-20A5, communications bus module CBM-20, auto sampler SIL-20 A HT, 

column oven CTO-10AS VP, PDA detector SPD-M20A and fluorescence detector RF- 20 A) was 

used to separate the photoadducts formed during the photosensitization assays. A Synergi 

Polar-RP column (ether-linked phenyl phase with polar endcapping, 150 × 4.6 μm, 

Phenomenex) was used for stationary phase. The mobile phases used were: (i) 93% 

ammonium acetate (NH4Ac) 1 mM (pH= 6.8) and 7% acetonitrile for dT5-Ptr adduct and (ii) 97% 

formic acid 10 mM (pH= 3.3) and 3% acetonitrile for dTMP-Ptr adduct. The flow rate was 1 



mL/min. 

Analytical HPLC. A Prominence equipment from Shimadzu (solvent delivery module LC-20AT, 

online degasser DGU-20A5, communications bus module CBM-20, auto sampler SIL-20 A HT, 

column oven CTO-10AS VP, PDA detector SPD-M20A and fluorescence detector RF- 20 A) was 

used to analyze the photosensitization assays. A Synergi Polar-RP column (ether-linked phenyl 

phase with endcapping, 150 × 4.6 μm, Phenomenex) was used for stationary phase. The 

mobile phases used were: 93% NH4Ac 1 mM (pH=6.8) and 7% acetonitrile for dT5-Ptr adduct 

and (ii) 97% formic acid 10 mM (pH= 3.3) and 3% acetonitrile for dTMP-Ptr adduct. The flow 

rate was 1 mL/min. 

 

Fluorescence measurements 

 Steady-state and time-resolved fluorescence measurements were performed at room 

temperature using a single-photon-counting equipment FL3TCSPC-SP (Horiba Jobin Yvon). 

Steady-state measurements. 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 was registered at 90o with respect to the incident 

beam, after passing through an emission monochromator, using a room-temperature R928P 

detector. Spectra were corrected for wavelength-dependent emission profiles with corrections 

factors supplied by the manufacturer and using the software FluorEssenceTM version 3.9 

(Horiba Jobin Yvon). 

Time-resolved experiments. A NanoLED source (maximum at 341 nm, ~ 1 ns pulse duration) 

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 selected 

counting time window for the measurements reported in this study was 0-200 ns. 

 

Laser Flash Photolysis 

Studies of triplet excited states and radicals. Laser flash photolysis experiments were run using 

as excitation set-up an optical parametric oscillator (OPO, EKSPLA NT342) pumped with the 3rd 

harmonic of a Nd:YAG laser (EKSPLA PS5062). Experiments were performed using λexc=340 nm 

as excitation wavelength, with a 5 ns pulse duration of 8 mJ/pulse. Detection system consists 

of a LP980 instrument (Edinburgh Instruments) with a pulsed Xenon lamp (150 W), a 

monochromator (TMS302-A, 150 grooves/mm grating) and a PMT (Hamamatsu Photonics). 

Absorbance of ca. 0.4 at the excitation wavelength was used, and measurements were 

performed using 1 cm pathway cuvettes under air, N2 or O2 atmosphere. 



Singlet oxygen detection. Singlet oxygen luminescence was monitored at 1270 nm using a 

refrigerated NIR detector (Hamamatsu, voltage set at 800 V) cooled at -62.8 oC with a Peltier 

cell and coupled to the laser photolysis cell in right-angle geometry. The samples in D2O were 

excited at λexc=355 nm with the 3rd harmonic of a Nd:YAG laser (L52137V LOTISTII) with a pulse 

energy of 9 mJ. The photodiode output current was amplified and fed into a TDS-640A 

Tektronix oscilloscope via a co-linear 150 MHz, 20 dB amplifier. The output signal from the 

oscilloscope was transferred to a personal computer for study. Measurements were 

performed under air atmosphere using 1 cm pathway cuvettes. Quantum yield of singlet 

oxygen (Φ∆) formation was determined by monitoring the phosphorescence at 1270 nm upon 

laser excitation of an optically matched solution (A= 0.35) of pterin and TMP-Ptr relative to a 

standard solution of PN. 

 

 

RESULTS & DISCUSSION 

Preparation of the pterin-thymidine adducts 

Aqueous solutions containing pterin (Ptr) and a substrate containing thymine (2'-

deoxythymidine 5′-monophosphate (dTMP) or single stranded oligonucleotide 5′-d-(TTTTT)-3´ 

(dT5)) were exposed to UVA irradiation in anaerobic conditions (see Experimental Section). 

Under these experimental conditions, as can be inferred from the corresponding absorption 

spectra (Figure 1), Ptr was the only absorbing species, whereas dTMP and dT5 did not absorb 

radiation. The photolysis was carried out at pH 5.5, where Ptr is present at more than 99% in 

its acid form (pKa(Ptr)= 7.9),15 the predominant form in biological systems. The photochemical 

reactions were followed by UV/Vis spectrophotometry and HPLC with spectrophotometric and 

fluorescence detection. 

For the generation of the dTMP-Ptr adduct, a Ptr concentration of 150 µM and a 

nucleotide concentration of 1 mM were used. This high nucleotide concentration, that can be 

reached due to the high solubility of nucleotides in H2O, favors the formation of the adduct. 

The solutions were irradiated in a quartz round bottom flask for 4 hours with constant stirring, 

after which the solution was adjusted to pH 10.5 at which Ptr is more soluble, to avoid 

subsequent precipitation. In the case of the oligonucleotide, the procedure was the same, 

except: i) a concentration of 150 µM of dT5 was used because it is not possible to reach higher 

concentrations and ii) the irradiation time was 80 min. Despite the lower concentration and 

the shorter irradiation time, a significant amount of dT5-Ptr adduct was obtained since the 

process is more efficient for the oligonucleotide than for the free (or isolated) nucleotide.36 



Once the adducts were generated, they were isolated by semipreparative HPLC, the 

purity of the solution was checked by analytical HPLC (Experimental Section) and then stored 

at 4°C in alkaline media until used in the photosensitization assays. For dTMP the adduct was 

well separated from both reactants and obtained as a pure compound, whereas for dT5 the 

adduct could be separated from Ptr, but not from the remaining oligonucleotide and the 

resulting solutions contained both dT5-Ptr adduct and dT5 (Figure S1). The solutions were 

concentrated using a rotary evaporator or dried by lyophilization. Prior to any further 

experiment with the adducts, the purity of the solution was checked by analytical HPLC again, 

in particular to search for potential contamination by free Ptr. The adduct solution was 

discarded if the presence of free Ptr or compounds with spectral features (absorption and 

emission) compatible with aromatic pterins was detected. 

Spectroscopic and photosensitizing properties of the adducts were investigated and 

the corresponding results will be presented and discussed in the following sections. The 

experiments were performed for dTMP-Ptr and dT5-Ptr adducts. According to what was 

explained in this section, in the former case, pure solutions containing only the adduct were 

used, whereas in the latter case, solutions containing both the adduct and the remaining 

oligonucleotide were employed. It is also worth mentioning that the term dTMP-Ptr adduct 

refers to a mix of several isomers, corresponding to, at least, addition at two different 

positions of the pterin moiety (Scheme 1).37 The term dT5-Ptr adducts also correspond to a mix 

of compounds in which not only the position of binding on the pterin moiety can differ, but 

also the targeted T in sequence and/or number of Ptr units covalently attached to the 

oligonucleotide. 

 

Absorption and emission 

 The absorption spectrum of the dTMP-Ptr adduct in aqueous solution at pH 6.0 

showed the typical absorption bands of the neutral form of pterins, with maxima at 

approximately 270 and 340 nm (Table 1, Figure 2). This spectrum is similar to that registered 

for the adduct of the nucleoside (dT-Ptr).37 The spectrum of dTMP-Ptr at pH 10.5 is different to 

that at pH 6.0 and shows the typical absorption bands of the anionic form of pterins, with 

maxima at approximately 250 and 360 nm (Table 1, Figure 2). This spectral behavior confirms 

that the ionizable group of the pterin moiety is free in the adduct, as suggested previously.37 

The absorption spectrum of the pure dT5-Ptr could not be obtained because it could not be 

separated from dT5 in chromatographic runs. However, the spectra of the dT5-Ptr/dT5 mixture, 

registered with the PDA detector of the HPLC equipment, showed an absorption band in the 



UVA range corresponding to the pterin chromophore (Figure S2). 

 

 

Figure 2. Absorption spectra of air-equilibrated aqueous solutions of dTMP-Ptr (11.5 µM) at pH 6.0 
and 10.5). Inset: Absorption spectra of the acid (neutral) and basic (monoanionic form) of Ptr in 
aqueous solution. 
 

The emission spectra of dTMP-Ptr, dT5-Ptr and Ptr, registered by excitation into the 

low-energy pterin band (340 nm), were similar (Figure 3). The fluorescence quantum yields 

(ΦF) were determined from the corrected fluorescence spectra using Equation 10: 

𝛷𝛷𝐹𝐹 = 𝛷𝛷𝐹𝐹𝑅𝑅
𝐼𝐼/𝐴𝐴
𝐼𝐼𝑅𝑅/𝐴𝐴𝑅𝑅

�𝑛𝑛
𝑅𝑅

𝑛𝑛
�
2

         (10) 

where I is the total fluorescence intensity, A is the absorbance at the excitation wavelength 

(kept below 0.10 to avoid inner filter effects), n is the refractive index of each solvent and the 

superscript R refers to the reference fluorophore. In our experiments Ptr in acidic aqueous 

solution (ΦF= 0.3)15¡Error! Marcador no definido. was used as a reference. The obtained ΦF value for 

dTMP-Ptr was close to that of Ptr (Table 1), which is in agreement with the ΦF value reported 

for the adduct of Ptr with the nucleoside (dT-Ptr).37 In contrast, this value is higher than that 

reported in Ref. 33, but this study determined in a solution containing both dTMP-Ptr adduct 

and free nucleotide, which suggest that the singlet excited state of the pterin moiety might 

have been quenched by the remaining dTMP that was at high concentration. In fact, the singlet 

excited states of acid forms of pterins are efficiently deactivated by nucleotides, with 

bimolecular quenching rate constants in the range of diffusion controlled limit.39 The dT5-Ptr 
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adduct presents a lower ΦF value (Table 1). Although in this case the adduct is not purified, the 

quenching by the remaining oligonucleotide should be negligible since its concentration is very 

low (about 40 M). Therefore, the ΦF value calculated for dT5-Ptr is reliable. 

 

Table 1. Photophysical properties of Ptr and adducts in air-equilibrated aqueous solutions. 
Wavelengths of absorption (λA) and fluorescence (λF) maxima, fluorescence quantum yields (ΦF), 
fluorescence lifetimes (τF), pre-exponential factors (%α) and quantum yields of 1O2 production (Φ∆). 
Measurements were carried out at pH 6.0. Fluorescence spectra were registered by excitation at 340 
nm, τF values were calculated in decays registered after excitation at 341 nm (see Experimental 
Section). 

 Ptr dTMP-Ptr dT5-Ptr 

Absorption    
λA1 (nm) 270 ± 2 271 ± 2 -- 
λA2 (nm) 340 ± 2 343 ± 2 341 ± 2 

Fluorescence    
λF (nm) 450 ± 3 450 ± 3 451 ± 3 
τF1 (ns) 6.0 ± 0.5 6.0 ± 0.5 7.4 ± 0.5 

%α1 100 67 80 
τF2 (ns) - 3.2 ± 0.5 3.1 ± 0.5 

%α2 - 33 20 
ΦF 0.33 ± 0.01 0.33 ± 0.03 0.20 ± 0.03 

Triplet excited states   
τT (µs) 6.3 ± 0.5 4.5 ± 0.5  

Φ∆ 0.18 ± 0.02 0.18 ± 0.05 -- 
 

Time-resolved studies of fluorescence were performed using excitation at 341 nm and 

fluorescence decays were analyzed at 450 nm for the three compounds (Ptr, dTMP-Ptr and 

dT5-Ptr). For Ptr, as expected a first-order rate law was observed for the emission decays and a 

lifetime (τF) of 6.0 ns was obtained. This value is equal, within the experimental error, to that 

previously reported.15 For the adducts the emission decays were clearly biexponential with a 

short-lived component of about 3 ns and a longer-lived component τF value similar to that of 

Ptr (Table 1). The pre-exponential factors of the fittings indicate that the short-lived ones are 

minor components. However, it is not clear why fluorescence of adducts present two 

components. One could speculate that they correspond to different isomers, but further 

analysis should be performed to confirm this hypothesis. 

 

 



 

Figure 3. Corrected fluorescence spectra of air-equilibrated aqueous solutions of dTMP-Ptr, dT5-Ptr 
and Ptr obtained by excitation at 340 nm. For comparative purposes, the three solutions presented 
the same absorbance at 340 nm. Insets: Emission decays recorded at 450 nm (λexc= 341 nm) and 
residual analysis; Ptr decays were fitted with a monoexponential function, whereas dTMP-Ptr and dT5-
Ptr decays were fitted with biexponential functions (Table 1). 

 

The Triplet Excited States 

 The triplet excited state of dTMP-Ptr was investigated by laser flash photolysis (LFP) 

(Experimental Section) and the results were compared to control experiments performed using 

Ptr. Transient absorption spectrum obtained by excitation at 340 nm of N2-saturated solutions 

(A355nm= 0.3, pH 5.5) were registered at different times after the laser pulse. Results obtained 

for Ptr were similar to those previously reported and correspond to the differential transient 

absorption spectrum of the triplet excited state of the neutral form of Ptr (3Ptr*) in aqueous 

solution.35 The transient absorption spectra recorded for dTMP-Ptr were similar to those of Ptr 

obtained under the same experimental conditions (Figure 4), evidencing the formation of a 

triplet excited state (dTMP-3Ptr*). 

For both compounds the decays of the transient absorption bands at 400–600 nm 

were adjusted with mono-exponential fitting functions and the corresponding lifetimes (τT) 

were determined (Table 1). It is worth mentioning that the decay of 3Ptr* has been reported to 

be bi-exponential with two components that correspond to the lactim (short-lived triplet) and 

the lactam (long-lived triplet) tautomers.40 Under our experimental conditions, the short-lived 

component for Ptr, of about 0.3 µs, could not be detected and values obtained were similar to 

those previously reported for the long-lived component. The τT value calculated for the adduct 

 

λ (nm)
400 450 500 550 600 650

Em
iss

io
n 

in
te

ns
ity

 (1
06  c

ou
nt

s)

0

4

8

12

16

20

24

28

32

Ptr
dTMP-Ptr 
dT5-Ptr

0

2

4

6

8

10

Em
iss

io
n 

in
te

ns
ity

 (1
03  c

ou
nt

s)

0

2

4

6

8

10

Time (ns)
20 40 60 80 100

0

2

4

6

8

10

Time (ns)
20 40 60 80

SD

-10

0

10

Time (ns)
20 40 60 80

SD

-10

0

10

Time (ns)
20 40 60 80

SD

-10

0

10



was of the same order of magnitude as the value determined for Ptr (Table 1). 

 

 

Figure 4. LFP experiments. a) Normalized differential transient absorption spectra recorded at 0.2 µs 
after the 340 nm laser pulse of N2-saturated aqueous solutions of Ptr and dTMP-Ptr. Inset: Time 
dependence of the absorbance at 400 nm, with mono-exponential fitting. Experiments performed in 
Ar-saturated aqueous solutions. b) and c) quenching of the triplet excited state of the adduct dTMP-
Ptr by dissolved O2. b) Decays registered at 400 nm for different O2 concentration. c) τT-1 vs. [O2] and 
linear regression to determine the rate constant. Absorbance at 340 nm: 0.3, which corresponds to a 
concentration of the photosensitizers of about 60 𝜇𝜇M, pH= 6.0. 
 

Experiments carried out in air-equilibrated and O2-saturated solutions demonstrated 

that dissolved O2 increases the corresponding decay rates of the transient detected with 

dTMP-Ptr, which is expected for triplet excited states (Figures 4b and 4c). The corresponding 

bimolecular quenching rate constant (𝑘𝑘𝑇𝑇𝑂𝑂2) was calculated by the Stern–Volmer analysis 

(Equation 11), 

1
𝜏𝜏𝑇𝑇

=  1
𝜏𝜏𝑇𝑇
0 + 𝑘𝑘𝑇𝑇𝑂𝑂2 [𝑂𝑂2]        (11) 
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where 𝜏𝜏𝑇𝑇 and 𝜏𝜏𝑇𝑇0 are the triplet lifetimes of in the presence and the absence of O2, 

respectively. A value of 2.0 (±0.2)×109 M-1s-1 was obtained, which is in the range of diffusion-

controlled limit and is a typical value expected for the quenching of a triplet excited state of a 

small organic compound by O2 in aqueous solution. Moreover, a similar value has been 

reported for the quenching of 3Ptr* by O2.35 

Therefore, the information presented in Table 1 and Figure 4 confirms that the adduct, 

upon excitation, forms a triplet excited state with features similar to those described for Ptr. In 

consequence, the adduct should be able to photoinduce the generation of 1O2.  

To confirm this point, the phosphorescence of 1O2 was registered using a NIR detector 

(Experimental Section). D2O was used as a solvent to increase the lifetime of 1O2 (τ∆) and then 

obtain more intense signals.41,42 For D2O solutions of dTMP-Ptr, a mono exponential decay was 

registered for the NIR emission at 1270 nm. The lifetime of 27 µs, is in agreement with the 

lifetime of 1O2 (τ∆) in D2O43 (Figure 5). As a control experiment, the sample was bubbled with 

N2, which resulted in the disappearance of the signal. These results, in connection with the fact 

that the triplet excited state is quenched by O2, confirmed that upon UVA excitation the 

adduct is able to transfer energy to dissolved O2 and generate 1O2. 

 

 

Figure 5. LFP experiments. Selected NIR emission decays of time-resolved 1O2 experiments. The 
experiments were performed in air-equilibrated D2O solutions (pD= 6.05) containing phenalenone 
(PN) or dTMP-Ptr at the same absorbance (A355= 0.35) at the excitation wavelength (355 nm). 
 

To determine the efficiency of this process, similar experiments were performed using 

phenalenone (PN) as a 1O2 photosensitizer. Thus, D2O solutions containing PN or dTMP-Ptr 

with the same absorbance at 355 nm (i.e., laser excitation wavelength) were analyzed. As 

expected, the signal of the NIR emission of 1O2 generated by PN decayed mono-exponentially 

with a lifetime τ∆ of ca 28 µs (Figure 5). The area under the curve phosphorescence intensity 
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vs. time is proportional to the amount of 1O2 generated. Therefore, the quantum yield of 1O2 

production of the adduct (∅∆𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑−𝑃𝑃𝑃𝑃𝑃𝑃) can be calculated with Equation 12.  

∅∆𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑−𝑃𝑃𝑃𝑃𝑃𝑃 =  𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎(𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑−𝑃𝑃𝑃𝑃𝑃𝑃)
𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎(𝑃𝑃𝑃𝑃)

 ∅∆𝑃𝑃𝑃𝑃      (12) 

Where ∅∆𝑃𝑃𝑃𝑃 is the quantum yield of 1O2 production of PN and area(dTMP-Ptr) and area(PN) are 

the areas under the 1O2 phosphorescence decay vs. time determined by integration for the 

adduct and PN, respectively. The ∅∆𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑−𝑃𝑃𝑃𝑃𝑃𝑃 value was equal to the reported value for ∅∆𝑃𝑃𝑃𝑃𝑃𝑃 

(Table 1), which means that the adduct is an efficient photosensitizer of 1O2 and that the 

attachment of the Ptr moiety to the nucleotide does not affect its capability to transfer energy 

to dissolved O2 and generate the reactive oxygen species. 

 This study could not be carried out for dT5-Ptr because this adduct was obtained at 

much lower quantities than the corresponding dTMP adduct. Therefore, the signals recorded 

in both types of time resolved experiments (transient spectra and NIR emission) were too low 

and triplet excited states and 1O2 could not be registered. 

 

Photosensitizing properties 

 The results presented in the previous section suggest that T-Ptr adducts should have 

the capability to photosensitize the oxidation of biomolecules. To explore this point, we chose 

two compounds that are suitable for a simple and overall evaluation of the ability of a given 

compound to act as a photosensitizer in biological systems: tryptophan (Trp) and 2′-

deoxyguanosine 5′-monophosphate (dGMP). These two model oxidizable biological targets 

were selected because: (i) they are representative targets of proteins and DNA,6 respectively, 

sensitive to oxidations which affect the functionality of the biomolecules; (ii) they are able to 

be photosensitized through both type I and type II mechanisms;6 and (iii) their photosensitized 

oxidations by pterins has already been thoroughly investigated;16,34,44. To compare the 

photosensitizing efficiencies of the adducts to Ptr, experiments were carried out using the free 

photosensitizer. Therefore, aqueous solutions (pH= 9.5) containing a given substrate (Trp or 

dGMP) and a given photosensitizer (Ptr, dTMP-Ptr or dT5-Ptr) were exposed to UVA radiation 

for different times and then analyzed by HPLC. The experiments were performed in alkaline 

media to favor the production of 1O2 (∅∆𝑃𝑃𝑃𝑃𝑃𝑃 is higher for the anionic form of Ptr)15 and its 

reaction with the substrates (the rate of the reaction of 1O2 with dGMP is higher in alkaline 

media).45 To discard direct photolysis of the substrates, in all cases control experiments in the 

absence of photosensitizers were performed. 

 For air-equilibrated solutions of dTMP-Ptr (6 μM) and Trp (50 μM) a significant 



decrease in the amino acid concentration was observed in a few minutes, whereas the adduct 

was not consumed in the process (Figure 6a). The rate of Trp consumption was similar to that 

observed using Ptr (6 μM) as the photosensitizer (Figure 6a). A control photolysis was 

performed under the same conditions, but in the absence of dTMP-Ptr or Ptr no 

photodegradation of Trp was observed, confirming that the adduct is able to photosensitize 

the oxidation of Trp. In the irradiated solutions several products were detected, among which 

a compound had an absorption spectrum and a retention time that matched with N-

formylkynurenine (NFKyn), a typical product of the oxidation of Trp by 1O2.19,46 This result is in 

agreement with the production of 1O2 by dTMP-Ptr (vide supra). With comparative purposes, a 

similar experiment was carried out using Ptr as the photosensitizer. As can be appreciated in 

Figure 6a, the rate of consumption of Trp was similar for both photosensitizers. 

 To further investigate if the adduct dTMP-Ptr is able to photosensitize the oxidation of 

other biomolecules, similar photolysis experiments were performed using dGMP as a substrate 

(Figure 6b). The results were similar to those observed using Trp, that is, dTMP-Ptr is able to 

photooxidize the substrate with efficiency comparable to that of Ptr. 

 Similar experiments performed using dT5-Ptr as a photosensitizer and Trp as a 

substrate (Figure 7) showed that this adduct is also able to photoinduce the oxidation of the 

amino acid. It is worth mentioning that for comparative purposes, in the photolysis carried out 

with Ptr and dT5-Ptr, the absorbance at 340 nm was the same. Using the extinction coefficient 

of Ptr at that wavelength, the concentration of Ptr (free or attached to dT5) was 6 µM. 

Therefore, as mentioned above, although dT5-Ptr could not be obtained pure and several 

adducts are possible, the results shown in Figure 7, evidence that the photosensitizing 

efficiencies of Ptr in the adduct and free are similar. This is a relevant result since the 

formation of triplet excited states in dT5-Ptr, as explained before, could not been 

demonstrated by LFP experiments. The photosensitizing properties of Ptr attached to a 

nucleotide or to an oligonucleotide chain do not change, when evaluated in terms of efficiency 

to oxidize Trp. Again, a fast assessment of the products detected by HPLC revealed the 

presence of NFKyn, which confirms that dT5-Ptr is able to photosensitize the formation of 1O2. 

 According to previous studies, the photosensitized oxidations of both substrates by Ptr 

takes place mainly through type I mechanism; type II mechanism contributes, but to a lesser 

extent.16 Therefore, it is reasonable to propose that the adduct can act as a type I 

photosensitizer, as well. Although the photosensitizing capacity of dTMP-Ptr via type II 

mechanism has been evidenced spectroscopically through the detection 1O2, and analytically 

with the generation of NFKyn in the photosensitized oxidation of Trp, up to this point no data 



supporting the possibility of a type I mechanism has been shown. 

 

 

Figure 6. Photosensitization of a) Trp and b) dGMP by Ptr and dTMP-Ptr. Concentrations determined 
by HPLC analysis of solutions containing a given substrate (50 µM) and a given photosensitizer (6 µM) 
at different irradiation times. Control photolysis were carried out in the absence of photosensitizer. 
Experiments performed in air-equilibrated aqueous solutions at pH 9.5, using UVA radiation. Insets: 
time evolution of the concentration of the photosensitizers in the photosensitization experiments. 

 

 To explore type I mechanism, the interaction of the triplet excited state of dTMP-Ptr 

(dTMP-3Ptr*) with dGMP was investigated by LFP. In these experiments we recorded the triplet 

transient decays at 430 nm at different dGMP concentrations (Figure 8a) and the τT values 

were determined with mono-exponential fittings. Then, Stern-Volmer analysis was carried out 

using Equation 13 (Inset Figure 8a). 
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𝜏𝜏𝑇𝑇
0

𝜏𝜏𝑇𝑇
= 1 +  𝐾𝐾𝐷𝐷𝑇𝑇 [𝑄𝑄] = 1 + 𝑘𝑘𝑞𝑞𝑇𝑇 𝜏𝜏𝑇𝑇0  [𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑]     (13) 

where τT
0 and τT are the triplet lifetimes of dTMP-3Ptr* in the absence and in the presence of 

quencher, respectively, KD
T (= kq

TτT
0) is the Stern–Volmer constant for the quenching of 3Ptr*, 

with kq
T as the bimolecular quenching rate constant, and [dGMP] is the nucleotide 

concentration. This analysis returned a value of 1.2 (±0.2) × 109 M-1s-1 for kq
T, which 

corresponds to a near diffusion-controlled quenching, thus providing direct evidence for the 

interaction of dTMP-3Ptr* with dGMP. 

 
Figure 7. Photosensitization of Trp by Ptr and dT5-Ptr. Concentrations determined by HPLC analysis of 
solutions containing Trp (50 µM) and a given photosensitizer (6 µM) at different irradiation times. 
Control photolysis were carried out in the absence of photosensitizer. Experiments performed in air-
equilibrated aqueous solutions at pH 9.5, using UVA radiation. Insets: time evolution of the 
concentration of the photosensitizers. 
 

Photosensitization through type I mechanism is initiated by an electron transfer from 

the nucleotide to dTMP-3Ptr*. To analyze this mechanism in the context of this quenching 

study, we investigated the formation of the dGMP radical. We chose this radical because this 

species has been well characterized by LFP47,48 and its formation by photosensitization with Ptr 

has been previously proven.16,17,45 The formation of the dGMP radical can be monitored by the 

time evolution of the absorbance at 320 nm, which corresponds to the maximum of its typical 

narrow transient absorption band. The traces recorded at this wavelength followed first-order 

growth kinetics (Figure 8b). The lifetime value obtained for the formation of the dGMP radical 

was equal, within the experimental error, to that obtained for the decay of dTMP-3Ptr* at the 
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corresponding dGMP concentration. Consequently, the results confirm the formation of the 

dGMP radical by electron transfer from the nucleotide to the adduct. 

 
Figure 8. LFP experiments. a) Time dependence of the absorbance at 420 nm, maximum of the dTMP-
3Ptr* transient spectrum, at different dGMP concentrations; inset: Stern–Volmer plot of the quenching 
of dTMP-3Ptr* by dGMP, τT values were calculated by mono-exponential fitting of the transient 
absorbance ∆A decay. b) Time dependence of the absorbance at 320 nm, maximum of the guanine 
radical transient spectrum, at various dGMP concentrations. Experiments performed in Ar-saturated 
aqueous solutions. [dTMP-Ptr]≅ 60 𝜇𝜇M, pH= 6.0. 
 

 

CONCLUSIONS 

Aromatic pterins, and especially their parent unsubstituted compound pterin (Ptr), are 

efficient photosensitizers present in the human epidermis. Their activity a photooxidants upon 

UVA irradiation is well established for DNA, proteins, lipids or their elemental components. In 
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this context, previous studies demonstrated that the reaction between the triplet excited state 

of Ptr (3Ptr*) and thymine (T), in the absence of O2, leads to the formation of covalent adducts, 

in which the photosensitizer preserves its chemical structure. In this work T-Ptr adducts were 

synthesized, by irradiating aqueous solutions containing Ptr and a substrate containing T (2'-

deoxythymidine 5′-monophosphate (dTMP) or single stranded oligonucleotide 5′-d(TTTTT)-3´ 

(dT5)) with UVA in anaerobic conditions, and then purified by HPLC. As a result, dTMP-Ptr was 

obtained as a pure compound, whereas dT5-Ptr could not be completely separated from the 

remaining oligonucleotide. 

 The emission spectra of dTMP-Ptr, dT5-Ptr and Ptr are similar. The fluorescence 

quantum yield (ΦF) of dTMP-Ptr is also comparable to that of Ptr, but the dT5-Ptr adduct 

presents a lower ΦF value. For the adducts, the emission decays are biexponential with a 

short-lived component of about 3 ns and a longer-lived component close to that of the 

monoexponential decay of Ptr. The adduct dTMP-Ptr, upon excitation, forms triplet excited 

state with features similar to those described for Ptr and is able to transfer energy to dissolved 

O2 and generate 1O2, with an efficiency similar to Ptr. For dT5-Ptr, triplet excited state could not 

be investigated because this adduct is obtained at much lower concentration than the 

corresponding dTMP adduct.  

 In air-equilibrated solutions and under UVA irradiation, both dTMP-Ptr and dT5-Ptr are 

able to photosensitize the oxidation of biomolecules, such as tryptophan and 2′-

deoxyguanosine 5′-monophosphate, with efficiencies close to that of free Ptr. The adducts act 

as photosensitizers through both type I and type II mechanisms. 

 The results presented in this work show that Ptr covalently attached to T in nucleotides 

or oligonucleotides retains not only its spectroscopic features, but also its capability to act as 

an efficient photosensitizer of biomolecules. The formation in vivo of this type of photoadducts 

should not be discarded since pterins, under certain pathological situations, accumulate in 

tissues exposed to light and where the O2 concentration can be very low. It is interesting to 

explore potential applications of these adducts as fluorescent markers and photosensitizers for 

PDT. 

 

 

SUPPORTING INFORMATION 

Chromatograms of the isolation of dTMP-Ptr and dT5-Ptr adducts; absorption spectrum of the 

dT5-Ptr/dT5 isolated mixture. 
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