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a b s t r a c t

Pterins belong to a family of heterocyclic compounds present in a wide range of living systems and par-
ticipate in relevant biological functions. Under anaerobic conditions, the unstable red intermediate gen-
erated by UV-A irradiation of biopterin, neopterin and 6-hydroxymethylpterin was identified by 1H NMR
analysis, in alkaline D2O solutions, as 5,8-dihydro-6-formylpterin.

� 2009 Elsevier B.V. All rights reserved.
1. Introduction

Biopterin (Bip), neopterin (Nep) and their 7,8-dihydro and
5,6,7,8-tetrahydro reduced derivatives are the most important
unconjugated pterins in living systems. 5,6,7,8-Tetrahydrobiopter-
in (H4Bip) is present in the skin of human beings and acts as a
coenzyme in hydroxylation reactions of the metabolism of some
amino acids [1] and is also relevant in nitric oxide metabolism
[2]. Nep, a metabolite in the biosynthesis of H4Bip, is synthesized
mainly in activated macrophages [3] and the determination of its
concentration in body fluids has proven its clinical value [4].

In the tissues affected by vitiligo, a chronic depigmentation dis-
order, the cells undergo oxidative stress, deactivation of enzymes
of the melanin biosynthesis takes place and the protection of the
skin against UV radiation fails because of the lack of melanin. Pa-
tients suffering this disease express a characteristic fluorescence
in their white skin patches upon Wood’s light examination (320–
400 nm with a peak at 365 nm) caused by the accumulation of oxi-
dized unconjugated pterins [5]. Therefore, the photochemistry of
pterins is of particular interest to this disease. Moreover, 6-carb-
oxypterin (Cap), a product of photolysis of Bip (vide infra) that is
not synthesized in the skin cells, has been isolated from the af-
fected skin [6], thus proving that photooxidation of pterins occurs
in vivo under pathological conditions.

It is known since many years ago that Bip is photosensitive and
its photolysis under aerobic conditions leads to the formation of
Cap [7,8]. In the late seventies, the photochemistry of Bip and
Nep in alkaline aqueous solution (phosphate buffer, pH 10) was
ll rights reserved.
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studied [9,10] and it was demonstrated that under anaerobic con-
ditions a ‘red intermediate’ (RI) is formed (Scheme 1). This com-
pound reacts very fast with O2 to yield 6-formylpterin (Fop). In
addition, it was demonstrated that photolysis of Bip and Nep in
air-equilibrated solutions leads to Fop as the first product, which
is transformed into Cap on further photooxidation. These reactions
release H2O2 as product and could be an additional source for gen-
eration of reactive oxygen species in vitiligo [6].

RI is a compound with a longwave absorbing band of low molar
absorption coefficient centered at 480 nm. This compound would
be an intermediate in the photooxidation of Bip in air-equilibrated
solutions. It has been recently suggested that the reaction of RI
with dissolved O2 produce superoxide anion (O��2 ) [11] (Scheme
1), which is very important from a biomedical point of view be-
cause this radical is implicated in the etiology of many pathological
conditions. Moreover, the photoinduced generation of H2O2 by Bip
could be via the reaction of RI with O2. In recent works, it was pro-
posed that RI is also generated during photolysis of 6-hydroxym-
ethylpterin (Hmp) in the absence of O2 [12,13] (Scheme 1).

Taking into account the comparison of its spectral features and
reactivity with those of 1,4-dihydropirazines [9], RI was proposed
to be 5,8-dihydro-6-formylpterin. However, despite the biological
interest of photochemistry of Bip, to the best of our knowledge, this
compound has never been identified. Technical reasons are proba-
bly responsible for this fact. In first place, due to the low solubility
of Bip, in both polar and nonpolar solvents, no high RI concentra-
tions can be reached. Besides RI can only be obtained, manipulated
and analyzed under anaerobic conditions. Finally, even in the ab-
sence of O2 and light, RI is not stable: this compound undergoes
a slow thermal reaction, its lifetime being of about only a few
hours [11].

In this work alkaline D2O solutions of Bip, Nep and Hmp ex-
posed to UV-A radiation were analyzed by means of Proton Nuclear
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Fig. 1. 500-MHz 1H NMR spectra of alkaline D2O solutions of Bip (2 mM, pD = 10.3),
recorded at room temperature. (A) Non-irradiated air-equilibrated solution (2 mM),
(B) Ar-saturated solution irradiated for 20 min, (C) Ar-saturated solution irradiated
for 20 min and then bubbled with air for 2 min. (j) Bip, (e) RI, (d) acetaldehyde
and its aldol, (N) Fop, (.) Cap.

Scheme 1. Photochemistry of Bip, Nep and Hmp in aqueous solution.
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Magnetic Resonance (1H NMR) spectroscopy. The results presented
herein provide, for the first time, direct evidence of the chemical
nature of the RI.
2. Experimental

Pterins were purchased from Schircks Laboratories (Jona, Swit-
zerland) and used without further purification. D2O (Sigma, mini-
mum isotopic purity of 99.9%) was used as solvent and solutions
of DCl (Aldrich, 99.5% D) and NaOD (CEA) in D2O were employed
for adjusting the pH (pD) value to 10.

Steady-state irradiation of D2O solutions was carried out in
NMR tubes at room temperature, using 8W Rayonet RPR lamps
emitting at 350 nm (Southern N.E. Ultraviolet Co.). 500-MHz 1H
NMR spectra were recorded on a Bruker AM-500 spectrometer.
Chemical shifts in D2O are referenced to tetramethylsilane.
Fig. 2. 500-MHz 1H NMR spectra of standard alkaline D2O solutions (pD = 10.3)
recorded at room temperature: (A) Fop (N) (2 mM), (B) Cap (.) (2 mM) and (C)
acetaldehyde (d) (1 mM), which in part is as its corresponding aldol.
3. Results and discussion

The 1H NMR spectrum of the non-irradiated Bip solution shows
three signals at low d values with relative intensities of 1:1:3
(d = 4.75, 4.19, 1.19 ppm) corresponding to aliphatic protons and
one signal at high d value (d = 8.65 ppm) corresponding to the
chemically equivalent aromatic protons (Fig. 1A). H2O broad signal
at �4.8 ppm is observed.

After ca. 20 min of UV-A irradiation under anaerobic conditions,
the solution became deep red, indicating the formation of RI, and
several new signals appeared in the 1H NMR spectrum (Fig. 1B),
apart from those corresponding to the residual Bip (j). As soon
as air was let into the NMR tube, the red color vanished, revealing
that, as expected, RI was consumed in a fast thermal reaction in the
dark. The corresponding 1H NMR spectrum (Fig. 1C) shows that, as
a consequence of this latter process, two signals (e) disappeared
(d = 8.42 and 6.58 ppm), while three new signals appeared: two
major ones (d = 9.95, 9.05) and another very small (d = 9.03 ppm).

These results suggest that a cleavage of the Bip molecule takes
place upon irradiation under anaerobic conditions and part of the
photoproducts undergoes further oxidation upon admission of air
in the NMR tube. Assuming that during the thermal reaction RI is
oxidized by O2, the signals that disappeared (e) as a consequence
of this process must correspond to RI. On the other hand, the sig-
nals that appeared in the photolysis and did not disappear with
the admission of air must correspond to phoproducts stable in
the presence of O2. Finally, the signals that appeared as a conse-
quence of the thermal reaction must correspond to products of oxi-
dation of RI.

The 1H NMR spectra obtained from standard alkaline D2O solu-
tions of Fop and Cap are shown in Fig. 2A and B, respectively. Com-
parison of these spectra with that obtained after admission of air to
the irradiated Bip solution (Fig. 1C) indicates that the signals that
appeared after the oxidation of RI belong to Fop (d = 9.95 and
9.05 ppm) and to Cap (d = 9.03 ppm). These results are in agree-
ment with those previously reported in the literature [9–11]
(Scheme 1).

If the cleavage of the Bip molecule takes places in the C10–C20

bond the stable product should be a compound with two carbon
atoms. 1H NMR spectrum of a standard solution of acetaldehyde



Fig. 3. Chemical structure of 5,8-dihydro-6-formylpterin (RI).

Fig. 4. 500-MHz 1H NMR spectra, recorded in alkaline D2O solutions (pD = 10.3) at
room temperature of: (A) 20 min irradiated Ar-saturated Bip solution (2 mM), (B)
20 min irradiated Ar-saturated Nep solution (2 mM), and (C) 60 min irradiated Ar-
saturated Hmp solution (2 mM). (e) RI.
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is shown in Fig. 2C. The main signals observed correspond to the
acetaldehyde molecule itself (d = 9.66 and 2.22 ppm) and to the
product of its aldol addition, 3-hydroxybutanal (d = 5.23 and
1.32 ppm). These signals are present in the spectra of irradiated
Bip solutions before and after admission of air. Therefore these re-
sults confirmed the photochemical cleavage of Bip and the forma-
tion acetaldehyde as a product.

Results presented so far indicate that RI has the pterin moiety
and a substituent with only one carbon atom. The values of the sig-
nals assigned to RI suggest that no aromatic protons are detected.
Taking into account that the loss of aromaticity of the ring causes a
shift of the aromatic H signal to lower d values, the signal
d = 6.58 ppm may be attributed to the presence of olefinic proton.
This fact in turn suggests that one of the rings of the pterin moiety
is reduced. Therefore, considering the absence of O2, the substitu-
ent should be oxidized. This is in agreement with the value of the
signal d = 8.42 ppm, which may be assigned to a proton of a carbon
aldehyde that show the extension of conjugation with an olefin.
Therefore, the previous analysis correlate very well with the chem-
ical structure of 5,8-dihydro-6-formylpterin (RI) (Fig. 3), previously
proposed by Pfleiderer and co-workers [9]. In addition, the mech-
anism hypothesized for the photodegradation of Bip in [9] is also
supported by the results obtained in the present study.

To find out what the chemical nature of the RI produced under
anaerobic irradiation of Nep and Hmp are, a similar set of experi-
ments was carried out with these two pterin derivatives, under
the same experimental conditions as in the case of Bip. The 1H
NMR spectra obtained after irradiation in the absence of O2 are
shown in Fig. 4, together with that corresponding to Bip. The spec-
tra of the irradiated solutions were also registered after admission
of air (Supplementary material). For the three compounds the val-
ues of the signals corresponding to RI (e) were equal and disap-
peared when O2 was added. These results strongly suggest that
for the three pterin derivatives the same RI is formed upon UV-A
irradiation in the absence of O2, which is in good agreement with
the hypothesis suggested by our group in recent works [11,12].

For Nep the signals of the product corresponding to the substitu-
ent (containing the atoms C20 and C30), as expected, did not change
upon admission of air (Supplementary material) and were different
from those corresponding to acetaldehyde and its aldol, the pro-
duct formed from Bip (Fig. 4A). This is logical taking into account
that Bip and Nep differ in the substituent. Accordingly, no signal
corresponding to these products were registered for Hmp (Fig. 4C).

In addition, in the spectra registered after admission of O2 the
signals corresponding to Fop and Cap were also observed for Nep
and Hmp (Supplementary material). Therefore, these results con-
firmed that Fop and Cap are the main final products of RI oxidation.

Finally, the values obtained for the signals assigned to RI were
compared to those expected for different possible compounds.
However, the results presented in this study are only compatible
with the chemical structure shown in Fig. 3: 5,8-dihydro-6-
formylpterin.
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Supplementary data associated with this article can be found, in
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