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α-Tocopherol phosphate as a
photosensitizer in the reaction of
nucleosides with UV light: formation of 5,6-
dihydrothymidine
Toshinori Suzuki* and Chiaki Ono

Abstract

Introduction: α-Tocopherol phosphate, a natural water-soluble α-tocopherol analog, exists in biological tissues and
fluids. Synthesized α-tocopherol phosphate is used as an ingredient of cosmetics.

Findings: When a neutral mixed solution of 2′-deoxycytidine, 2′-deoxyguanosine, thymidine, and 2′-deoxyadenosine
was irradiated with UV light at wavelengths longer than 300 nm in the presence of α-tocopherol phosphate, thymidine
was markedly consumed in an α-tocopherol phosphate dose-dependent manner, whereas other nucleosides only
slightly decreased. Two major product peaks were detected in an HPLC chromatogram. The products were identified
as diastereomers of 5,6-dihydrothymidine. The addition of radical scavengers had almost no effects on the generation
of 5,6-dihydrothymidine, whereas the reactions of nucleosides other than thymidine were suppressed. Trolox, another
water-soluble α-tocopherol analog, did not generate 5,6-dihydrothymidine, although all nucleosides were slightly
consumed. When UV irradiation of thymidine with α-tocopherol phosphate was conducted in D2O, two deuterium
atoms were added to 5 and 6 positions of thymidine with both syn and anti configurations. The ratio of syn and anti
configurations alternated depending on pD of the solution.

Conclusions: The results indicate that α-tocopherol phosphate is a photosensitizer of nucleosides, especially
thymidine, and that it introduces two hydrogen atoms to thymidine from H2O, generating 5,6-dihydrothymidine.
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Introduction
α-Tocopherol phosphate (α-TP), also termed α-tocopheryl
phosphate, is a water-soluble α-tocopherol analog, containing
a hydroxy group of the chroman ring esterified by phos-
phoric acid. It is a naturally occurring chemical in animals
and plants [1]. α-TP was detected in liver and adipose tissues
of the rat [2]. It was also detected in human plasma, and the
concentration markedly increased with α-TP supplementa-
tion [3]. Protective effects of α-TP against cell damage caused

by peroxidants and UV irradiation were reported [4–6]. Syn-
thesized α-TP is used in cosmetics due to its antioxidant and
skin-conditioning activities [7]. The major risk factor for skin
cancer in humans is prolonged exposure to UV light from
the sun [8, 9]. DNA directly absorbs UV light at wavelengths
shorter than 300 nm to generate photoproducts [10, 11].
However, due to almost complete absorption by the atmos-
phere, the strength of UV light at wavelengths shorter than
300 nm in sunlight is very low on the ground surface [8].
This suggests that substances causing photosensitization,
photosensitizers, are involved in the mechanism of skin can-
cer. We recently reported that salicylic acid and uric acid are
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photosensitizers of the reaction of nucleosides with UV light
at wavelengths longer than 300 nm [12, 13]. For salicylic acid,
thymidine (dThd) resulted in cyclobutane dThd dimers via
energy transfer. For uric acid, 2′-deoxycytidine (dCyd) re-
sulted in products including a cyclic-amide adduct of dCyd
via the formation of a radical from uric acid. In the present
study, we show that α-TP is a photosensitzer on the reaction
of nucleosides by UV irradiation at wavelengths longer than
300 nm and that the major products from dThd are diaste-
reomers of 5,6-dihydrothymidine (DHdThd). As a control
compound, we used Trolox, another water-soluble α-
tocopherol analog, substituting a hydrocarbon chain
(C16H33) for a carboxy group. It has been reported that Tro-
lox acts as a multiple free radical scavenger [14]. Under the
present experimental conditions, Trolox did not generate
DHdThd by UV irradiation. The structures of α-TP and Tro-
lox are shown in Fig. 1.

Materials and methods
Materials
dCyd, 2′-deoxyguanosine (dGuo), dThd, 2′-deoxyadenosine
(dAdo), (±)-α-tocopherol phosphate disodium, Trolox ((±)-6-
hydroxy-2,5,7,8-tetramethylchromane-2-carboxylic acid), and
D2O (99.9 atom % D) were purchased from Sigma-Aldrich
(MO, USA). Other chemicals were obtained from Sigma-
Aldrich, Nacalai Tesque (Kyoto, Japan), and Tokyo Chemical
Industry (Tokyo, Japan). Water was purified with a Millipore
Milli-Q deionizer (MA, USA).

Irradiation conditions
UV light generated by a high-pressure mercury lamp (250
W, SP9-250UB, Ushio, Tokyo, Japan) with an optical filter
through a light guide was used to directly irradiate the
surface of a solution (1 mL) in a glass vial (12 mm i.d.) at
37°C. The longpass optical filter had a cut-off of 300 nm
(LU0300, Asahi Spectra, Tokyo, Japan) was used. The in-
tensity of radiation on the surface of the sample solution
was measured with a photometer (UIT-150, Ushio, Tokyo,
Japan) equipped with a sensor UVD-S254 or UVD-S365.
The intensities of UV light were 2 mW/cm2 for 254 nm
and 408 mW/cm2 for 365 nm.

HPLC, MS, and NMR conditions
An HPLC system including an SPD-M10Avp UV/Vis
photodiode-array detector (Shimadzu, Kyoto, Japan) with
an Inertsil ODS-3 octadecylsilane column of size 4.6 ×
250 mm and particle size of 5 μm (GL Sciences, Tokyo,
Japan) was used. The eluent was 20 mM ammonium acet-
ate (pH 7.0) containing methanol. The methanol concen-
tration was increased from 0 to 50% over 30 min in linear
gradient mode. The column temperature was 40°C and
the flow rate was 1 mL/min. The RP-HPLC chromato-
gram was detected at 200–500 nm. ESI-TOF-MS and HR-
ESI-TOF-MS measurements were performed on a MicrO-
TOF spectrometer (Bruker, Bremen, Germany) in negative
mode. The sample isolated by RP-HPLC was directly in-
fused into the MS system by a syringe pump without a
column. The NMR spectra were obtained on a JNM-
ECA500 spectrometer (JEOL, Tokyo, Japan).

pH and pD values
pH values were measured by a pH meter (F-22, Horiba,
Tokyo, Japan) with a glass electrode (9618S-10D, Hor-
iba). pD values of D2O solution were determined by add-
ing 0.41 to the value on the pH meter [15].

Spectrometric data
Product 1 ((5S)-5,6-dihydrothymidine, 5S-DHdThd). ESI-
TOF-MS (negative mode): m/z 243. HR-ESI-TOF-MS (nega-
tive mode): m/z 243.098607 obsd, (calcd for C10H15N2O5

–

243.098645). UV: λmax = 214 nm (pH 7.0). 1H NMR (500
MHz, D2O): δ (ppm/TMSP-d4) 6.28 (dd, J = 7.2, 7.2 Hz, 1H,
H-1′), 4.37 (m, 1H, H-3′), 3.91 (m, 1H, H-4′), 3.75 (m, 1H,
H-5′ or 5′′), 3.68 (m, 1H, H-5′ or 5′′), 3.57 (dd, J = 5.7, 12.6
Hz, 1H, H-6a), 3.26 (dd, J = 9.5, 12.9 Hz, 1H, H-6b), 2.84 (m,
1H, H-5), 2.33 (m, 1H, H-2′ or 2′′), 2.15 (m, 1H, H-2′ or 2′
′), 1.21 (d, J = 7.5 Hz, 3H, CH3).

13C NMR (125 MHz, D2O):
δ (ppm/ TMSP-d4) 179.7 (C-4), 157.2 (C-2), 88.0 (C-4′), 86.7
(C-1′), 73.7 (C-3′), 64.5 (C-5′), 44.8 (C-6), 38.2 (C-2′), 37.5
(C-5), 15.0 (CH3).
Product 2 ((5R)-5,6-dihydrothymidine, 5R-DHdThd).

ESI-TOF-MS (negative mode): m/z 243. HR-ESI-TOF-
MS (negative mode): m/z 243.100093 obsd, (calcd for
C10H15N2O5

– 243.098645). UV: λmax = 214 nm (pH 7.0).
1H NMR (500 MHz, D2O): δ (ppm/TMSP-d4) 6.26 (dd, J

Fig. 1 Structures of α-tocopherol phosphate (α-TP) and Trolox
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= 7.2, 7.2 Hz, 1H, H-1′), 4.37 (m, 1H, H-3′), 3.91 (m,
1H, H-4′), 3.77 (m, 1H, H-5′ or 5′′), 3.69 (m, 1H, H-5′
or 5′′), 3.61 (dd, J = 6.3, 12.6 Hz, 1H, H-6b), 3.24 (dd, J
= 10.9, 12.1 Hz, 1H, H-6a), 2.84 (m, 1H, H-5), 2.28 (m,
1H, H-2′ or 2′′), 2.12 (m, 1H, H-2′ or 2′′), 1.21 (d, J =
6.6 Hz, 3H, CH3).

13C NMR (125 MHz, D2O): δ (ppm/
TMSP-d4) 179.4 (C-4), 157.0 (C-2), 88.0 (C-4′), 86.8 (C-
1′), 73.7 (C-3′), 64.4 (C-5′), 44.8 (C-6), 38.0 (C-2′), 37.4
(C-5), 14.4 (CH3).
Product 1′ ((5S)-5,6-dideuteriothymidine, 5S-DDdThd).

ESI-TOF-MS (negative mode): m/z 245. HR-ESI-TOF-MS
(negative mode): m/z 245.110927 obsd, (calcd for
C10H13D2N2O5

– 245.111199). UV: λmax = 215 nm (pH
7.0). 1H NMR (500 MHz, D2O): δ (ppm/TMSP-d4) 6.28
(dd, J = 7.2, 7.2 Hz, 1H, H-1′), 4.37 (m, 1H, H-3′), 3.90
(m, 1H, H-4′), 3.76 (m, 1H, H-5′ or 5′′), 3.68 (m, 1H, H-
5′ or 5′′), 3.55 (s, 0.37H, H-6a), 3.24 (s, 0.63H, H-6b),
2.33 (m, 1H, H-2′ or 2′′), 2.15 (m, 1H, H-2′ or 2′′), 1.21
(s, 3H, CH3).
Product 2′ ((5R)-5,6-dideuteriothymidine, 5R-DDdThd).

ESI-TOF-MS (negative mode): m/z 245. HR-ESI-TOF-MS
(negative mode): m/z 245.111205 obsd, (calcd for
C10H13D2N2O5

– 245.111199). UV: λmax = 215 nm (pH
7.0). 1H NMR (500 MHz, D2O): δ (ppm/TMSP-d4) 6.26
(dd, J = 7.2, 7.2 Hz, 1H, H-1′), 4.38 (m, 1H, H-3′), 3.91
(m, 1H, H-4′), 3.77 (m, 1H, H-5′ or 5′′), 3.69 (m, 1H, H-
5′ or 5′′), 3.59 (s, 0.64H, H-6b), 3.23 (s, 0.36H, H-6a),
2.29 (m, 1H, H-2′ or 2′′), 2.12 (m, 1H, H-2′ or 2′′), 1.20
(s, 3H, CH3).

Quantitative procedures
For the reactions of nucleoside mixtures, the concentra-
tions of nucleosides were evaluated according to the in-
tegrated peak areas on RP-HPLC chromatograms
detected at 260 nm compared with the peak areas of the
starting nucleoside mixture. The concentrations of the
products were evaluated according to the integrated
peak areas on RP-HPLC chromatograms detected at 230
nm and by the molecular extinction coefficients at 230
nm (ε230 nm) compared with those of dThd. The re-
ported ε230 nm values of 1500 M–1 cm–1 for 5S-DHdThd,
1460 M–1 cm–1 for 5R-DHdThd, and 2650 M–1 cm–1 for
dThd were used [16].

Results and Discussion
dCyd, dGuo, dThd, and dAdo (100 μM each) with 5
mM α-TP in 100 mM potassium phosphate buffer at pH
7.4 and 37°C were irradiated with UV light from a Hg
lamp through a 300-nm longpass filter for 10 min. Fig-
ure 2 shows the reversed phase (RP)-HPLC chromato-
gram of the reaction mixture detected at 230 nm. The
concentration of dThd markedly reduced, while other
nucleosides slightly decreased. Two product peaks with
retention times of 17.9 and 18.7 min, referred to as

Products 1 and 2, respectively, were detected. UV spec-
tra of the products are shown in the Fig. 2 insets. The
products were isolated by RP-HPLC and subjected to
MS and NMR. For both Products 1 and 2, electrospray
ionization time of flight mass spectrometry (ESI-TOF-
MS) showed a signal at m/z 243 in negative mode. The
high-resolution (HR)-ESI-TOF-MS values of the mo-
lecular ion agreed with the theoretical molecular mass
for C10H15N2O5

– attributable to [dThd + 2H − H+]−

within 3 ppm. 1H and 13C NMR spectra of Products 1
and 2 were similar to those reported for diastereomers
of 5,6-dihydrothymidine (DHdThd) [16]. Based on the
reported values of chemical shifts and coupling con-
stants of two H6 signals, Products 1 and 2 were identi-
fied as (5S)-5,6-dihydrothymidine (5S-DHdThd) and
(5R)-5,6-dihydrothymidine (5R-DHdThd), respectively
[17]. α-TP dose and irradiation time dependences on the
UV reaction of nucleosides were examined. Figure 3a
shows the α-TP dose-dependent changes in concentra-
tions of nucleosides and products. A solution of 100 μM
each of dCyd, dGuo, dThd, and dAdo with 0–5 mM α-
TP in 100 mM potassium phosphate buffer at pH 7.4
was irradiated with UV light through a 300-nm longpass
filter at a temperature of 37°C for 10 min. The concen-
trations were determined by RP-HPLC. With 0 mM α-
TP, no reaction was observed. With an increasing α-TP
concentration, the consumption of nucleosides in-
creased. Especially, dThd decreased markedly. The prod-
ucts 5S-DHdThd and 5R-DHdThd, with similar
amounts, increased with an increasing concentration of
α-TP. Figure 3b shows the UV irradiation time depend-
ence of nucleosides and product concentrations. A solu-
tion of 100 μM each of nucleosides with 5 mM α-TP
was irradiated with UV light at pH 7.4 and 37°C for 0–
10 min. With an increasing irradiation time, increased
consumptions of nucleosides and yields of DHdThd
were observed. These results indicate that α-TP is a
photosensitzer on the reaction of nucleosides, especially
dThd, by UV irradiation at wavelengths longer than 300
nm and that the major products from dThd are diaste-
reomers of DHdThd. It has been reported that 5'-tri-
phosphate of DHdThd is incorporated into DNA in
place of 5'-triphosphate of dThd by Pol I Klenow frag-
ment, although the rate is one order lower than that of
5'-triphosphate of dThd [18].Although single DHdThd
in the DNA template is not a strong mutagenic or lethal
lesion in vivo, multiple DHdThd in DNA should block
DNA synthesis [19, 20].
As a control, similar experiments were conducted for

Trolox. Figure 3c shows Trolox dose-dependent changes
in concentrations of nucleosides and products, when a
solution of 100 μM each of dCyd, dGuo, dThd, and
dAdo with 0–5 mM Trolox in 100 mM potassium phos-
phate buffer at pH 7.4 and 37°C was irradiated with UV
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light for 10 min. With around 0.5 mM Trolox, maximal
consumptions of nuleosides were observed. On increas-
ing the Trolox concentration from 1 to 5 mM, the con-
sumption of nucleosides was slightly suppressed.
Diastereomers of DHdThd were not detected; the detec-
tion limit was 1 μM. Figure 3d shows the UV irradiation
time-dependence of nucleosides and product concentra-
tions. A solution of 100 μM of each nucleoside with 5
mM Trolox was irradiated with UV light at pH 7.4 and
37°C for 0–10 min. With an increasing irradiation time,
the consumption of nucleosides increased, while no
DHdThd was observed. The results suggest that the
phosphate group on α-TP may make some contribution
to the addition of hydrogen atoms to dThd, since Tro-
lox, with no phosphate group in its structure, generated
no DHdThd.
To obtain information on the reaction mechanism, UV

irradiation reactions of nucleosides were conducted in
the presence of ethanol (EtOH), a scavenger of radicals,
and sodium azide (NaN3), a scavenger of radicals and
singlet oxygen [21–25]. Table 1 shows the effects of
EtOH and NaN3 on the UV irradiation reactions of nu-
cleosides with α-TP. A mixed nucleoside (100 μM each)

solution with 5 mM α-TP in 100 mM potassium phos-
phate buffer at pH 7.4 and 37°C with or without 1%
EtOH and 10 mM NaN3 was irradiated with UV light
for 10 min. Both EtOH and NaN3 suppressed the reac-
tions of dCyd, dGuo, and dAdo, whereas little or no ef-
fects on the reaction of dThd were observed. Table 2
shows the effects of EtOH and NaN3 on the UV irradi-
ation reactions of nucleosides with Trolox. The mixed
nucleoside solution with 5 mM Trolox in 100 mM po-
tassium phosphate buffer at pH 7.4 and 37°C with or
without 1% EtOH and 10 mM NaN3 was irradiated with
UV light for 10 min. Both EtOH and NaN3 suppressed
the reactions of dCyd, dGuo, and dAdo, whereas few ef-
fects on the reaction of dThd were observed. The results
suggest that the reactions of dCyd, dGuo, and dAdo by
α-TP and Trolox are caused by radicals, whereas the re-
action of dThd by α-TP resulting in DHdThd did not
occur by radicals or singlet oxygen, suggesting that it did
occur via energy transfer.
To obtain information about the origin and stereo-

chemistry of hydrogen atoms added to dThd forming
DHdThd, UV irradiation of dThd with α-TP was con-
ducted in D2O. A 99.9% D2O solution of 3 mM dThd, 7

Fig. 2 RP-HPLC chromatogram of a reaction mixture of nucleosides with α-TP detected at 230 nm (upper figure) and the reaction scheme (lower
figure). A solution of 100 μM each of dCyd, dGuo, dThd, dAdo, and 5 mM α-TP was irradiated with UV through a 300-nm longpass filter in 100
mM potassium phosphate buffer at pH 7.4 and 37°C for 10 min. The insets are the UV spectra of Products 1 and 2. Reaction of dThd irradiated by
UV in the presence of α-TP
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mM α-TP, and 100 mM potassium phosphate buffer at
pD 7.9 was irradiated with UV light at 37°C for 60 min.
Two product peaks (Products 1′ and 2′) with the same
retention times as diastereomers of DHdThd (Products

1 and 2) were isolated by RP-HPLC and subjected to
MS and NMR analyses. For both Products 1′ and 2′,
ESI-TOF-MS showed a signal at m/z 245 in negative
mode. The HR-ESI-TOF-MS value of the molecular ion

Fig. 3 (a) α-TP dose-dependence of concentration changes in nucleosides and products when a solution of 100 μM each of dCyd, dGuo, dThd,
and dAdo with 0–5 mM α-TP was irradiated with UV light through a 300-nm longpass filter for 10 min at pH 7.4 and 37°C. (b) Time-course of the
concentration changes in nucleosides when a solution of 100 μM each of dCyd, dGuo, dThd, and dAdo with 5 mM α-TP in 100 mM potassium
phosphate buffer at pH 7.4 was irradiated with UV light through a 300-nm longpass filter for 0–10 min at a temperature of 37°C. (c) Trolox dose-
dependence of the concentration changes in nucleosides and products when a solution of 100 μM each of dCyd, dGuo, dThd, and dAdo with 0–
5 mM Trolox was irradiated with UV light through a 300-nm longpass filter for 10 min at pH 7.4 and 37°C. (d) Time-course of the concentration
changes in nucleosides when a solution of 100 μM each of dCyd, dGuo, dThd, and dAdo with 5 mM Trolox in 100 mM potassium phosphate
buffer at pH 7.4 was irradiated with UV light through a 300-nm longpass filter for 0–10 min at a temperature of 37°C. dCyd (closed circles), dGuo
(closed triangles), dThd (closed squares), dAdo (closed rhombi), 5S-DHdThd (Product 1) (open circles), and 5R-DHdThd (Product 2) (open
triangles). All the reaction mixtures were analyzed by RP-HPLC. Means ± standard deviation (S.D.) (n = 3) are presented

Table 1 Effects of additives on reactions of nucleosides and α-TP with UV light (>300 nm)a

dCyd dGuo dThd dAdo 5S-DHdThd 5R-DHdThd

Additives (μM) (μM) (μM) (μM) (μM) (μM)

None 84.5 ± 1.1 90.7 ± 0.9 14.7 ± 1.7 85.8 ± 1.4 27.0 ± 1.8 24.1 ± 1.2

1% EtOH 100.1 ± 0.4 98.6 ± 0.3 21.9 ± 3.5 91.8 ± 0.6 26.8 ± 1.9 24.0 ± 1.6

10 mM NaN3 100.1 ± 0.6 99.6 ± 0.5 24.9 ± 5.2 96.0 ± 0.8 24.3 ± 1.7 21.8 ± 1.3
aThe mixed nucleoside solution with 5 mM α-TP in 100 mM potassium phosphate buffer at pH 7.4 and 37°C with or without 1% EtOH and 10 mM NaN3 was
irradiated with UV light for 10 min. All reaction mixtures were analyzed by RP-HPLC. Means ± standard deviation (S.D.) (n = 3) are presented.
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agreed with the theoretical molecular mass for
C10H13D2N2O5

– attributable to [dThd + 2D − H+]−

within 3 ppm. Figure 4a and b shows 1H-NMR spectra
of 2–4 ppm with their structures of Product 1 formed in
H2O and Product 1′ formed in D2O, respectively. For
the base moiety of Product 1, an H-5 multiplet signal
and H-6a and H-6b double-doublet signals with intensity
of one proton each were observed. For Product 1′, the
H-5 signal almost disappeared, although a weak signal

attributable to H-5 was observed, probably due to re-
sidual H2O in the reaction solution. Singlet signals at-
tributable to H-6a and H-6b with a total integral value
of one proton were observed with a ratio of 0.37:0.63
(H-6a:H-6b). The result indicates that Product 1′ is
(5S)-5,6-dideuteriothymidine (5S-DDdThd), in which
one deuterium atom was added to the 5-position of
dThd and another deuterium atom was added to 6a-
and 6b-positions with a ratio of 0.63:0.37 (D-6a:D-6b);

Table 2 Effects of additives on reactions of nucleosides and Trolox with UV light (>300 nm)a

dCyd dGuo dThd dAdo 5S-DHdThd 5R-DHdThd

Additives (μM) (μM) (μM) (μM) (μM) (μM)

None 94.9 ± 0.2 98.4 ± 0.2 86.6 ± 0.8 96.3 ± 0.3 <1 <1

1% EtOH 99.2 ± 0.4 100.2 ± 0.5 86.9 ± 0.6 98.1 ± 0.5 <1 <1

10 mM NaN3 100.4 ± 0.5 100.7 ± 0.5 92.8 ± 0.6 101.0 ± 0.4 <1 <1
aThe mixed nucleoside solution with 5 mM Trolox in 100 mM potassium phosphate buffer at pH 7.4 and 37°C with or without 1% EtOH and 10 mM NaN3 was
irradiated with UV light for 10 min. All reaction mixtures were analyzed by RP-HPLC. Means ± standard deviation (S.D.) (n = 3) are presented.

Fig. 4 1H-NMR spectra ranging chemical shift of 2.0–4.0 ppm and structures of (a) 5S-DHdThd (Product 1), (b) 5S-DDdThd (Product 1′), (c) 5R-
DHdThd (Product 2), and (d) 5R-DDdThd (Product 2′). (e) pD dependence of Da/Db values on addition of a deuterium atom to the 6 position of
dThd when a 99.9% D2O solution of 3 mM dThd, 7 mM α-TP, and 100 mM potassium phosphate buffer at pD 5.9–12.5 was irradiated with UV
light at 37°C for 60 min. 5S-DDdThd (Product 1′) (closed circles) and 5R-DDdThd (Product 2′) (open circles). The Da/Db values were calculated
from integral values of H-6a and H-6b signals of 1H NMR
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therefore, the value of D-6a/D-6b (Da/Db) is 1.7. Figure
4c and d shows 1H NMR spectra of 2–4 ppm with their
structures of Products 2 and 2′, respectively. Similar to
the case of Products 1 and 1′, H-6a and H-6b double-
doublet signals of Product 2 changed to singlet signals
in Product 2′ with a total integral value of one proton
were observed with a ratio of 0.36:0.64 (H-6a:H-6b). The
result indicates that Product 2′ is (5R)-5,6-dideuter-
iothymidine (5R-DDdThd) in which one deuterium atom
was added to the 5-position of dThd and another deu-
terium atom was added to 6a- and 6b-positions with a
ratio of 0.64:0.36 (D-6a:D-6b); therefore, the value of Da/
Db is 1.8. These results suggest that, when the reaction
occurred in H2O, two hydrogen atoms originating from
H2O were added to dThd with both syn and anti
configurations.
Then, pD-dependent changes in the value of Da/Db

were examined. A 99.9% D2O solution of 3 mM dThd, 7
mM α-TP, and 100 mM potassium phosphate buffer at
pD 5.9–12.5 was irradiated with UV light at 37°C for 60
min. Generated 5S-DDdThd and 5R-DDdThd were iso-
lated by RP-HPLC and subjected to NMR analysis. Fig-
ure 4e shows the pD-dependent changes in the value of
Da/Db for deuterium addition calculated from integral
values of H-6a and H-6b signals. Under neutral and
mildly acidic conditions, the addition at the 6a-position
was predominant, whereas the addition at the 6b-
position was predominant under basic conditions. Over
the pD range examined, the values of Da/Db of 5S-
DDdThd and 5R-DDdThd were almost identical. The
median pD value for alternation of the Da/Db value was
approximately 8. Among the compounds in the present
systems, acid-base equilibria with a pKa value around 8
are as follows: For α-TP, the pKa value between the
monoanion and dianion on its phosphate group is re-
ported as 6.7 [6]. For phosphoric acid, the pKa value be-
tween dihydrogen phosphate H2PO4

− and hydrogen
phosphate HPO4

2− is 7.2. For dThd, the pKa value be-
tween the neutral molecule and monoanion on the thy-
mine base moiety is 9.8 [26]. However, there is no
information about acid-base equilibria of excited state or
transient species of α-TP and dThd, which may exist in
the UV-irradiated solution of the present study. It is not
clear which acid-base equilibrium is responsible for al-
ternation of the configuration of H additions to the 6
position of dThd.
It has been reported that although UV irradiation of

dThd solution at 254 nm generates dThd cyclobutane
dimers, it generates DHdThd as a major product in the
presence of reducing agents such as NaHSO3 and
NaH2PO2 [11, 27, 28]. In the presence of acetone, a pho-
tosensitizer, UV irradiation of dThd at 313 nm generates
DHdThd and 5-acetonyl-DHdThd, an acetone adduct of
dThd, as minor products in addition to dThd

cyclobutane dimers [17]. Recently we have reported that
in the presence of salicylic acid, a photosensitizer, and
ascorbic acid, a reducing agent, DHdThd and two sali-
cylic acid adducts of dThd are generated as major prod-
ucts with dThd cyclobutane dimers as minor products
[16]. In the present study, UV irradiation at wavelengths
longer than 300 nm of dThd in the presence of α-TP
generated DHdThd. DHdThd was the major product, al-
though the yield of DHdThd does not fully explain the
consumption of dThd (Table 1), suggesting that dThd
cyclobutane dimers and α-TP adducts of dThd may be
generated as minor products. Combining the present re-
sults with previous studies, a possible reaction mechan-
ism is as follows. Radicals are generated from α-TP and
Trolox by UV irradiation. The radicals react with all the
nucleosides with comparative efficiencies. In addition, α-
TP, not Trolox, is excited by UV at wavelengths longer
than 300 nm. The excited α-TP induces excitation of
dThd via energy transfer. The excited dThd reacts with
a ground state α-TP, a reducing agent, generating in
DHdThd by addition of two hydrogen atoms with both
syn and anti configurations. Although the ratio of syn
and anti configurations alternated depending on pH of
the solution, the mechanism for addition of two hydro-
gen atoms to dThd is unclear. Further studies are
needed to clarify the total reaction mechanism generat-
ing DHdThd from dThd by UV irradiation in the pres-
ence of α-TP.
In conclusion, the present study showed that α-TP is a

photosensitizer of nucleoside reactions by UV light at
wavelengths longer than 300 nm. dThd is the most re-
active among the examined nucleosides, and it generates
DHdThd as the major product by the addition of two
hydrogen atoms from water. The hydrogen atoms are
added by both syn and anti configurations with the ratio
depending on pH of the solution. Since α-TP exists in
animal cells and body fluids, and is used as an ingredient
of some cosmetics, we should pay attention to the geno-
toxicity of α-TP in terms of DNA damage caused by
sunlight.

Abbreviations
α-TP: α-Tocopherol phosphate; dCyd: 2′-deoxycytidine; dGuo: 2′-
deoxyguanosine; dThd: thymidine; dAdo: 2′-deoxyadenosine; 5S-
DHdThd: (5S)-5,6-dihydrothymidine; 5R-DHdThd: (5R)-5,6-dihydrothymidine;
5S-DDdThd: (5S)-5,6-dideuteriothymidine; 5R-DDdThd: (5R)-5,6-
dideuteriothymidine

Acknowledgements
Not applicable.

Authors’ contributions
T.S. designed the experiments. T.S. and C.O. performed the experiments. T.S.
wrote the manuscript. Both authors read and approved the final manuscript.

Funding
Not applicable.

Suzuki and Ono Genes and Environment            (2022) 44:6 Page 7 of 8



Availability of data and materials
Not applicable.

Declarations

Ethics approval and consent to participate
This research does not require ethical approval, since it does not include
in vivo experiments or clinical trials on humans and animals.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Received: 11 January 2022 Accepted: 6 February 2022

References
1. Zingg JM. Water-soluble vitamin E-tocopheryl phosphate. Adv Food Nutr

Res. 2018;83:311–63.
2. Gianello R, Libinaki R, Azzi A, Gavin PD, Negis Y, Zingg JM, et al. Alpha-

tocopheryl phosphate: a novel, natural form of vitamin E. Free Radic Biol
Med. 2005;39:970–6.

3. Zingg JM, Libinaki R, Lai CQ, Meydani M, Gianello R, Ogru E, et al.
Modulation of gene expression by α-tocopherol and α-tocopheryl
phosphate in THP-1 monocytes. Free Radic Biol Med. 2010;49:1989–2000.

4. Nakayama S, Katoh EM, Tsuzuki T, Kobayashi S. Protective effect of alpha-
tocopherol-6-O-phosphate against ultraviolet B-induced damage in cultured
mouse skin. J Invest Dermatol. 2003;121:406–11.

5. Kato E, Takahashi N. Improvement by sodium dl-α-tocopheryl-6-O-
phosphate treatment of moisture-retaining ability in stratum corneum
through increased ceramide levels. Bioorg Med Chem. 2012;20:3837–42.

6. Saleh MM, Woods A, Harvey R, Young A, Jones S. Nanomaterials fusing with
the skin: Alpha-tocopherol phosphate delivery into the viable epidermis to
protect against ultraviolet radiation damage. Int J Pharm. 2021;594:120000.

7. Fiume MM, Bergfeld WF, Belsito DV, Hill RA, Klaassen CD, Liebler DC, et al.
Safety assessment of tocopherols and tocotrienols as used in cosmetics. Int
J Toxicol. 2018;37(2_suppl):61S–94S.

8. IARC. IARC monographs on the evaluation of carcinogenic risks to humans
“Solar and ultraviolet radiation.”, vol. 55. Lyon: IARC Press; 1992. p. 50–8.

9. IARC. IARC monographs on the evaluation of carcinogenic risks to humans
“Solar and ultraviolet radiation.”, vol. 100D. Lyon: IARC Press; 2012. p. 35–101.

10. Hicks MR, Kowałski J, Rodger A. LD spectroscopy of natural and synthetic
biomaterials. Chem Soc Rev. 2010;39:3380–93.

11. Cadet J, Vigny P. Chap. 1, in Bioorganic Photochemistry: Photochemistry
and the Nucleic Acids. In: Morrison H, editor. The Photochemistry of Nucleic
Acids, vol. 1. New York: Wiley; 1990. p. 1–272.

12. Suzuki T, Ota H, Namba Y, Fujino T. Salicylic acid as a photosensitizer for
thymidine dimerization induced by UV. Chem Pharm Bull. 2019;67:130–4.

13. Suzuki T, Ozawa-Tamura A, Takeuchi M, Sasabe Y. Uric acid as a
photosensitizer in the reaction of deoxyribonucleosides with UV light of
wavelength longer than 300 nm: identification of products from 2'-
deoxycytidine. Chem Pharm Bull. 2021;69:1067–74.

14. Kamogawa E, Sueishi Y. A multiple free-radical scavenging (MULTIS) study
on the antioxidant capacity of a neuroprotective drug, edaravone as
compared with uric acid, glutathione, and Trolox. Bioorg Med Chem Lett.
2014;24:1376–9.

15. Covington AK, Passo M, Robinson RA, Bates RG. Use of the glass electrode
in deuterium oxide and the relation between the standardized pD (paD)
scale and the operational pH in heavy water. Anal Chem. 1968;40:700–6.

16. Suzuki T, Kishida Y. Reaction of thymidine and ascorbic acid induced by UV
in the presence of salicylic acid. Bioorg Med Chem. 2019;27:115946.

17. Cadet J, Voituriez L, Hruska FE, Kan L-S, de Leeuw FAAM, Altona C.
Characterization of thymidine ultraviolet photoproducts. Cyclobutane
dimers and 5,6-dihydrothymidines. Can J Chem. 1985;63:2861–8.

18. Ide I, Melamede RJ, Wallace SS. Synthesis of dihydrothymidine and
thymidine glycol 5'-triphosphates and their ability to serve as substrates for
Escherichia coli DNA polymerase I. Biochemistry. 1987;26:964–9.

19. Ide H, Wallace SS. Dihydrothymidine and thymidine glycol triphosphates as
substrates for DNA polymerases: differential recognition of thymine C5-C6

bond saturation and sequence specificity of incorporation. Nucleic Acids
Res. 1988;16:11339–54.

20. Ide H, Petrullo LA, Hatahet Z, Wallace SS. Processing of DNA base damage
by DNA polymerases. Dihydrothymine and beta-ureidoisobutyric acid as
models for instructive and noninstructive lesions. J Biol Chem. 1991;266:
1469–77.

21. Alam MS, Rao BSM, Janata E. A pulse radiolysis study of H atom reactions
with aliphatic alcohols: evaluation of kinetics by direct optical absorption
measurement. Phys Chem Chem Phys. 2001;3:2622–4.

22. Alam MS, Rao BSM, Janata E. ·OH reactions with aliphatic alcohols:
evaluation of kinetics by direct optical absorption measurement. A pulse
radiolysis study. Radiat Phys Chem. 2003;67:723–8.

23. Ye M, Madden KP, Fessenden RW, Schuler RH. Azide as a scavenger of
hydrogen atoms. J Phys Chem. 1986;90:5397–9.

24. Buettner GR, Oberley LW. The apparent production of superoxide and
hydroxyl radicals by hematoporphyrin and light as seen by spin-trapping.
FEBS Lett. 1980;121:161–4.

25. Bancirova M. Sodium azide as a specific quencher of singlet oxygen during
chemiluminescent detection by luminol and Cypridina luciferin analogues.
Luminescence. 2011;26:685–8.

26. Christensen JJ, Rytting JH, Izatt RM. Thermodynamics of proton dissociation
in dilute aqueous solution. Part XIV. pK, ΔH°, and ΔS° values for proton
dissociation from several pyrimidines and their nucleosides at 10 and 40 °C.
J Chem Soc B. 1970:1643–6.

27. Kondo Y, Yoshizaki F, Takemoto T. Photoreduction of pyrimidine
nucleosides in the presence of sulfite ion. Heterocycles. 1975;3:163–6.

28. Yakovlev DY, Skuridin SG, Khomutov AR, Yevdokimov YM, Khomutov RM.
The reduction of thymine residues in DNA by the combined action of UV
light and hypophosphite. J Photochem Photobiol B. 1995;29:119–23.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Suzuki and Ono Genes and Environment            (2022) 44:6 Page 8 of 8


	Abstract
	Introduction
	Findings
	Conclusions

	Introduction
	Materials and methods
	Materials
	Irradiation conditions
	HPLC, MS, and NMR conditions
	pH and pD values
	Spectrometric data

	Quantitative procedures

	Results and Discussion
	Abbreviations
	Acknowledgements
	Authors’ contributions
	Funding
	Availability of data and materials
	Declarations
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	References
	Publisher’s Note

