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insights into the (6–4) photolyase reaction†
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We synthesized a dinucleoside monophosphate of the 15N-labeled (6–4) photoproduct, which is one of
the major UV-induced lesions in DNA, to investigate the (6–4) photolyase repair mechanism, and
characterized its protonation state by measuring 15N NMR spectra as a function of pH. We expected
that chemical-shift changes of the pyrimidone 15N3, due to protonation, would be observed at pH 3, as
observed for the 15N-labeled 5-methylpyrimidin-2-one nucleoside. Interestingly, however, the changes
were observed only in alkaline solutions. In UV absorption spectroscopy and HPLC analyses under
acidic conditions, a change in the maximum absorption wavelength, due to the protonation-induced
hydrolysis, was observed at and below pH 1, but not at pH 2, whereas the protonation of
5-methylpyrimidin-2-one occurred at pH values between 2 and 3. These results indicated that the pKa

value for this N3 is remarkably lower than that of a normal pyrimidone ring, and strongly suggest that
an intramolecular hydrogen bond is formed between the N3 of the 3¢ base and the 5-OH of the 5¢ base
under physiological conditions. The results of this study have implications not only for the recognition
and reaction mechanisms of (6–4) photolyase, but also for the chemical nature of the (6–4)
photoproduct.

Introduction

DNA in organisms is subjected to photochemical reactions
between adjacent pyrimidine bases by exposure to the ultraviolet
(UV) component in sunlight, leading to the formation of cis–
syn cyclobutane pyrimidine dimers (CPDs) and pyrimidine(6–
4)pyrimidone photoproducts ((6–4) photoproducts).1 These pho-
toproducts prevent DNA replication by replicative polymerases,
and induce mutations in DNA that can lead to carcinogenesis and
cell death. In particular, the (6–4) photoproduct, formed at the TT
site, causes a T→C transition mutation at the 3¢ pyrimidone with
a high frequency.2

To maintain genetic integrity, living organisms have enzymes
that can restore lesions to their intact form by excision repair,3

translesion synthesis,4 and photoreactivation.5 Among them,
photoreactivation is the simplest repair, in which a single enzyme,
photolyase, uses blue to near-UV light (300–500 nm) to break the
dimeric lesion. Although the CPD photolyase repair mechanism
is well-established,5 (6–4) photolyase, which is responsible for
(6–4) photoproduct repair, has been less studied. The (6–4)
photolyase reportedly binds oligonucleotides containing the (6–
4) photoproduct with high affinity. Kd values of ~5 ¥ 10-10 and
2 ¥ 10-8 M have been reported for the Drosophila and Xenopus
enzymes, respectively.6 Upon binding, (6–4) photolyase flips the
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(6–4) photoproduct out of the helix at a dinucleotide level to
bring the lesion closer to the flavin adenine dinucleotide (FAD)
at the catalytic site,7 as CPD photolyase does.8 The following (6–
4) photolyase repair pathway consists of two distinct processes,
the intramolecular rearrangement of the substrate to form the oxe-
tane/azetidine intermediate and the light-driven electron transfer,9

while CPD photolyase restores CPD by a simple electron donation.
The final step of the (6–4) photolyase reaction, namely the electron
transfer-induced splitting of the oxetane intermediate, has been
studied extensively by using various synthetic compounds10 and by
quantum chemical calculations,11 although the latter method has
been used predominantly for the study of the CPD photolyase.12

In contrast, the details of the oxetane intermediate formation
are still poorly understood. This process is essential for the electron
transfer-dependent repair of the (6–4) photoproduct, because the
formation of the (6–4) photoproduct involves the migration of the
functional group from the C4 position of the 3¢ base to the C5 of
the 5¢ base.5 It was proposed that two conserved histidine residues
work as acid and base catalysts,13 and an electron-nuclear double
resonance (ENDOR) analysis of this enzyme suggested that one
of these histidines that would act as an acid was protonated at
pH 9.5.14 This protonated histidine initiates the formation of the
four-membered ring intermediate by protonation of the N3 of
the 3¢ pyrimidone of the (6–4) photoproduct to form an iminium
ion, followed by the intramolecular nucleophilic attack of the
activated C5 functional group on the protonated pyrimidone ring
(Fig. 1a).14 This proposed mechanism depends on the ability of
the 3¢ base to be protonated; in other words, it depends on the
pKa for the conjugate acid of the N3 of the 3¢ pyrimidone ring
of the (6–4) photoproduct. However, no experimental data on the
acidity/basicity of this protonation site have been reported until
now, even though it is a fundamental parameter that restricts the
enzyme reaction.
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Fig. 1 (a) Proposed mechanism for the first step of the (6–4) pho-
tolyase reaction. (b) The compounds used in this study, the dinucleoside
monophosphate containing the 15N-labeled (6–4) photoproduct (1) and
the 15N-labeled 5-methylpyrimidin-2-one 2¢-deoxyribonucleoside (2).

To gain new insights into the chemical nature of the (6–4)
photoproduct and the repair mechanisms, we prepared a (6–4)
photoproduct with the N3 of the pyrimidone ring 15N-labeled
(1), and an analog of its 3¢ component, 5-methylpyrimidin-2-
one 2¢-deoxyribonucleoside (2), for comparison (Fig. 1b). Using
these compounds, we measured 15N NMR, UV absorption,
and fluorescence spectra as a function of pH, to analyze their
protonation states. We found that the 15N chemical shift and the
fluorescence intensity of 1 changed at pH values higher than
10, and that the protonation-induced hydrolysis of 1 occurred
under strongly acidic conditions. Based on these unexpected
results, we discuss the chemical properties of the (6–4) photo-
product. This study not only has implications for the recognition
and reaction mechanisms of (6–4) photolyase, but also will
contribute to the development of molecules that recognize this
lesion.

Results and discussion

Synthesis and characterization of the compounds

We synthesized [3-15N]-labeled thymidine according to the re-
ported method,15 and then derived the 15N-labeled (6–4) pho-
toproduct (6), following the procedure described previously
(Scheme S1†),16 on a scale sufficient for its incorporation into
oligonucleotides. Subsequently, an aliquot of the protected din-
ucleoside monophosphate containing the (6–4) photoproduct (6)
was treated with ammonia water, and the deprotected product
(1) was characterized by 1H NMR. Although most of the
proton resonances were equivalent to those of the non-labeled
dinucleoside monophosphate,17 the resonance of the H6 of the
5¢ component was observed as a doublet signal with a coupling
constant of about 3.7 Hz, at a chemical shift identical to that of
the corresponding non-labeled sample. From a 1H{15N} NMR
experiment, this coupling was determined to be a three-bond 1H-
15N J-coupling through the (6–4) bond (3JNH: 15N3-C4-C6-H6,

Fig. S1†). In the measurement of the 15N insensitive nuclei
enhanced by polarization transfer (INEPT) utilizing the 3JNH, the
15N signal was observed at 270 ppm, which was low-field shifted by
about 150 ppm from the thymine 15N signal, due to the formation
of the pyrimidone ring.

To compare the spectroscopic behavior of the (6–4) photopro-
duct, we also synthesized 15N-labeled 5-methylpyrimidin-2-one 2¢-
deoxyribonucleoside (2) as an analog of the 3¢ component of the
(6–4) photoproduct. A possible problem in using this compound
for comparison was that 1 contained a phosphodiester linkage,
which had a negative charge. However, its effect was estimated to
be small because the difference in the pKa values of thymidine
and thymidine 5¢-phosphate is only 0.2,18 and this phosphate does
not dissociate at low pH. Compound 2 was obtained from [3-
15N]-labeled 3¢,5¢-O-diacetylthymidine, a derivative of the [3-15N]-
labeled thymidine, by a modification of the reported procedure19

(Scheme S2†). After purification, 2 was characterized by 1H and
15N NMR. In a manner similar to that for 1, the H4 of 2 was
coupled with 15N3 (2JNH ~ 11 Hz) at the identical chemical shift.20

In the 15N INEPT measurement utilizing 2JNH, the 15N signal of 2
was observed at ~ 267 ppm.

Analysis of the (6–4) photoproduct by 15N NMR and fluorescence
spectroscopy

We examined the pH-dependency of the 15N chemical shift of 1,
which would provide information on the equilibrium between the
neutral and protonated states of the 3¢ pyrimidone ring. For the 15N
INEPT measurement, 1 was dissolved at a concentration of 2 mM
in 20 mM phosphate buffer, consisting of 90% H2O and 10% D2O
at various pH values. The lower-field shift of the 15N resonance was
observed at pH values higher than 10, although the chemical shift
did not change significantly in the acidic and neutral solutions
(Fig. 2a). In the same way, the fluorescence emission derived
from the pyrimidone ring of 1 was drastically decreased, and was
slightly blueshifted in alkaline solutions (Fig. 2b). To confirm the
15N NMR spectroscopic behavior of the N3 of pyrimidone, we
performed a 15N NMR measurement using 2. In the case of 2, no
shift of the 15N resonance was observed in the alkaline and neutral
solutions, but the signal was shifted upfield by about 7 ppm at
pH 3 (Fig. S2†). We tried measurements in more acidic solutions,
but the 15N signal was broadened out at pH 2. The fluorescence
emission of 2 excited at 313 nm was measured, but no significant
spectral change was observed in the alkaline and neutral solutions
(data not shown).

Since the changes in the alkaline solutions were observed only
for 1, they probably occurred with the involvement of the 5¢
component of the (6–4) photoproduct. The pKa value for the N3
imino function in the 5¢ component of 1 is presumed to be similar
to that reported for 5,6-dihydrothymidine (pKa = 11.6),21 and thus
the change at higher pH can be attributed to the dissociation at
the N3 position of the 5¢ component. Furthermore, we converted
1 to its Dewar valence isomer by near-UV irradiation, as described
previously,7 and analyzed the pH-dependency of the 15N chemical
shift. The 15N resonance of the 15N-labeled Dewar valence isomer
was also shifted to lower field in the alkaline solutions (Fig. S3†),
supporting the idea that the 5¢ component, which is common to
the (6–4) photoproduct and its Dewar isomer, is important for the
change observed at higher pH.
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Fig. 2 (a) Selected 15N NMR spectra of 2 mM dinucleoside monophosphate containing the 15N-labeled (6–4) photoproduct (1), measured at 303 K in
20 mM phosphate buffers composed of 90% H2O and 10% D2O. (b) Fluorescence emission spectra of 0.1 mM 1 in 20 mM phosphate buffers at various
pH values. The excitation wavelength was set to 313 nm, and the spectra were measured at 298 K. At each pH, three independently measured spectra
were averaged. (c) pH profiles of the 15N chemical shift (black squares) and the fluorescence intensity (open circles) obtained for 1.

At pH 3, the 15N resonance of 2 was shifted upfield by about
7 ppm (Fig. S2†). The pKa value for the N3 of pyrimidin-2-one
2¢-deoxyribonucleoside, which has almost the same structure as 2,
was reportedly 3.13,22 suggesting that the shift of the 15N resonance
represents the protonation of the N3 of 2. Moreover, the 15N
resonance is reportedly shifted upfield upon protonation,23 and
the direction of the shift observed in our present work is consistent
with this report.

Analysis of the (6–4) photoproduct in acidic solutions by UV
absorption spectroscopy

Since the 15N signal of 2 disappeared at pH 2, probably due to
the hydrolysis during the time scale of the NMR measurement,24

we performed further analysis by UV absorption spectroscopy to
characterize the (6–4) photoproduct in acidic solutions. The max-
imum absorption wavelengths of these compounds were plotted
against the pH (Fig. 3). Compound 2 exhibited an absorption
maximum at 314.5 nm at a neutral pH, but the absorption spectra
were redshifted at pH values between 2 and 3 (Fig. 3b). On the
other hand, the absorption spectra of the (6–4) photoproduct (1)
showed a slight blueshift at pH values lower than 2 and higher
than 10 (Fig. 3a). The change at alkaline pH observed for 1
corresponded with the results of the 15N NMR and fluorescence
experiments, and the shift in acidic solutions occurred at pH values
significantly lower than those in the case of 2.

Since glycosidic bond cleavage in 2 reportedly occurs under
acidic conditions,24 it is important to determine whether the
spectral change at low pH was caused by this type of degradation

Fig. 3 pH profiles of the maximum absorption wavelengths of 1 (a) and
2 (b). Four independently measured spectra of 0.1 mM 1, in 20 mM
phosphate buffers at various pH values, were averaged, and then the
maximum absorption wavelengths were obtained. The data showing the
hydrolysis (open diamonds) were obtained at 5 min after the addition of
hydrochloric acid.

or by protonation of the base moiety with the intact glycosidic
bond. For this purpose, 1 and 2 were analyzed by HPLC after
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Fig. 4 HPLC analysis of the acid hydrolysis of 1 and 2 (a and b, respectively) and absorption spectra of the detected peaks (c and d). The pH values of
the solutions of 1 and 2 were 0.55 and 2.36, respectively. The absorption spectra were extracted from the 30 min (a) and 1 h (b) data sets with the data
processing software for the photodiode array detector.

acid treatment (Fig. 4). Compounds without the 15N labeling were
used in this experiment. The pH range was chosen from the results
shown in Fig. 3, and the actual pH values of the solutions of 1
and 2 were 0.55 and 2.36, respectively. When 1 was treated with
hydrochloric acid, a new peak emerged at a longer retention time
(Rt 9.0 min, peak ii) than that of the intact material (Rt 8.5 min,
peak i) after the incubation for 30 min at room temperature, and
1 was mostly converted to this product after 60 min (Fig. 4a).
A comparison of the absorption spectra of these detected peaks
revealed that the product obtained from 1 had an absorption
maximum shorter than that of the intact material by about 10 nm
(Fig. 4c), and the magnitude of the change depended on the
reaction time (data not shown). In the case of 2, a new peak
emerged at a short retention time (Rt 2.7 min, peak iv), and this
product had an absorption maximum at 311 nm, blueshifted by
about 4 nm from that of 2 (Fig. 4b and d). It should be noted
that the spectral change observed for 2 in the experiment shown in
Fig. 3b was a redshift. The products obtained from 1 and 2 (peaks
ii and iv, respectively) were characterized by mass spectrometry.
The product from 2 yielded a molecular ion peak at m/z 110.1,
which indicated the hydrolysis of the glycosidic bond.24 In the
case of 1, the m/z values obtained for [M – H]- (563.1) and the
fragment ions (545.2, 447.1) revealed that the glycosidic bond of
the 3¢ base was hydrolyzed although the base and sugar moieties
were linked at the 5¢ component. From these results, we concluded
that the blueshift observed for 1 at low pH (Fig. 3a) was caused
by the glycosidic bond cleavage immediately after protonation of
the base moiety, whereas the redshift for 2 could be attributed
to simple protonation. The acid hydrolysis of the glycosidic bond
in the 3¢ component of 1 is caused by the protonation of the N3
that significantly decreases the electron density of the base moiety.
Accordingly, the pH profile of the UV absorption maximum of 1

(Fig. 3a) revealed that the pKa for its N3 is much lower than 2, and
smaller by at least 1 pKa unit than that of 2. The substitution at the
C4 position of 2 may have affected the basicity of the N3. However,
an alkyl group at this position, like the dihydrothymin-6-yl group
in 1, would increase the pKa of the conjugate acid, whereas the
pKa value obtained for the N3 of 1 was much lower than expected.
Therefore, the effect of the C4 substitution is marginal.

Since the difference between compounds 1 and 2 is the presence
of the 5¢ pyrimidine base in the (6–4) photoproduct, a plausible
explanation for the different pKa values between these two
compounds is the formation of an intramolecular hydrogen bond
between the hydroxyl group at the C5 position of the 5¢ component
and the N3 atom (15N in this study) of the 3¢ pyrimidone ring within
the (6–4) photoproduct (Fig. 5). This hydrogen bond can block
the protonation of the N3 of the 3¢ base, and will result in a low
pKa value at this position. Although detection of the J-coupling
between 15N and the 5-OH was not successful, the 5-OH signal of
the protected dinucleoside monophosphate containing the (6–4)
photoproduct (compound 3 in ref. 16) was observed at 3.59 ppm in
CDCl3, whereas the chemical shift of the 5-OH of protected 5R-
5,6-dihydro-5-hydroxythymidine, which lacks the 3¢ pyrimidone
ring, is reportedly 3.20 ppm in the same solvent.25 Since the
signal of the hydrogen-bonding proton is observed at lower field,26

this result is consistent with the hydrogen-bond formation within
the (6–4) photoproduct. On the other hand, the dissociation
at the N3 position of the 5¢ component in alkaline solutions
increases the electron density at the O4 of the 5¢ component
by delocalization, to form an enolate (Fig. 5). In this case, a
structural alteration occurs, as shown in Fig. 5, which can cause
the spectral change because the hydrogen bond to the N3 is lost.
We constructed a model structure by the density functional theory
(DFT) calculation on Gaussian03W,27 and the results showed that
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Fig. 5 The protonation state of the (6–4) photoproduct and the hydrogen
bond proposed in this study.

the hydroxyl proton can be located at a distance of 1.84 Å from
the N3 of the pyrimidone ring (Fig. S4†), indicating the feasibility
of intramolecular hydrogen bond formation.

The remarkably low pKa for the N3 of the 3¢ pyrimidone ring
of the (6–4) photoproduct has implications for the repair process
of the (6–4) photolyase. Schleicher et al. suggested that one of the
conserved histidines, which would play a role for the protonation
of the (6–4) photoproduct, was protonated even at pH 9.5.14

Since the pKa value of the imidazole side chain of histidine is
ordinarily between 6 and 7, this histidine residue is probably
protonated by a nearby acidic residue, aspartic or glutamic acid,
interacting with the histidine.28 When proton transfer occurs via
the protonated histidine, it depends on the pKa value of the
carboxyl group, which is between 3 and 4. However, our study
suggested that it is not acidic enough to protonate the (6–4)
photoproduct. For the protonation of the 3¢ pyrimidone ring
of the (6–4) photoproduct to initiate the repair process, it is
necessary to cleave the intramolecular hydrogen bond discussed
in this study. The other conserved histidine, acting as a base in
the repair mechanism shown in Fig. 1a, must interact with the
hydroxyl group at the C5 position, thus altering the orientation
of the hydroxyl group, prior to or in a concerted manner with
the protonation of the N3 of the pyrimidone ring of the (6–4)
photoproduct.

Experimental

Materials

15N-labeled ammonium chloride and 4-phenyl-1,2,4-triazoline-
3,5-dione were obtained from Cambridge Isotope Laboratories,
Inc. (Andover, MA) and Sigma-Aldrich Japan (Tokyo, Japan),
respectively. All of the other solvents and reagents were purchased
from Wako Pure Chemical Industries, Ltd. (Osaka, Japan). TLC
analyses were carried out on Merck Silica gel 60 F254 plates,
which were visualized by UV illumination at 254 nm. For column
chromatography, Wakogel C-200 was used. For reversed-phase

chromatography, Preparative C18 125 Å 55–105 mm resin (Waters
Corporation, Milford, MA) was used on a Bio-Rad Econo System.

Spectroscopy

UV/VIS and fluorescence spectra were recorded on a Shimadzu
UV-1700 Pharmaspec spectrophotometer and a JASCO FP-
6500 spectrofluorometer, respectively. For the measurement of
fluorescence spectra of 1, the excitation wavelength was set to
313 nm, and three independently measured spectra at 298 K
were averaged. 1H NMR spectra were measured on a JEOL
AL-400 or Varian INOVA 500 spectrometer. 31P NMR and 15N
NMR spectra were recorded with a 5 mm switchable probe on
a Varian INOVA 500 MHz NMR spectrometer. Proton chemical
shifts were calibrated with tetramethylsilane (TMS) as an internal
standard, and 31P chemical shifts were calibrated with trimethyl
phosphate (TMP) as an external standard. 15N chemical shifts
were calibrated with nitromethane as an external standard with a
conversion factor of 375.8 ppm (the offset value from the 15N
resonance of liquid ammonia), as described in ref. 23. High-
resolution mass spectrometry was performed on a JEOL JMS-
DX303 spectrometer with electron impact (EI) ionization and on a
JEOL JMS-700 spectrometer with fast atom bombardment (FAB)
ionization.

HPLC analysis

HPLC analyses were carried out on a Gilson gradient-type
analytical system equipped with a Waters 2996 photodiode array
detector, and a Waters mBondasphere C18 5 mm 300 Å column
(3.9 mm ¥ 150 mm) was used, at a flow rate of 1.0 mL min-1,
with a linear gradient of acetonitrile in 0.1 M triethylammonium
acetate (pH 7.0). For the analysis of the acid hydrolysis, 1 and
2 without the 15N labeling were dissolved in diluted hydrochloric
acid, and the actual pH values were measured on a Mettler Toledo
SevenEasy S20 pH meter calibrated at pH 6.86, 4.01, and 1.68.
Aliquots of these samples were injected after the reaction times
shown in Fig. 4. The acetonitrile concentration was 0–7.5% for
15 min. The detected products were purified by HPLC using the
same conditions, and were analyzed by mass spectrometry on a
JEOL JMS-700 spectrometer with FAB (the product from 1) and
EI (the product from 2) ionization.

DFT calculation

The calculations based on the DFT were carried out with the
Gaussian03W at the B3LYP/6-31G(d) level without considering
the solvent effects. The initial structural models of dinucleoside
monophosphates containing the (6–4) photoproduct and its De-
war valence isomer were constructed with Chem3D (Cambridge-
Soft, Cambridge, MA, USA). Although three different states of
phosphate (an anion form, a neutral form, and a tetramethylam-
monium salt) were calculated, it was found that the hydrogen-
bonding interaction between the N3 of the 3¢ pyrimidone and the 5-
OH of the 5¢ pyrimidine was conserved among them, and the N3–
H distances were 1.84, 1.88, and 1.87 Å for the anionic, neutral,
and tetramethylammonium forms, respectively. The optimized
structures of these compounds are listed as Appendix in the
ESI.† We confirmed that all of the converged structures lacked an
imaginary frequency at the B3LYP/6-31G(d) level. The structures
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of the anionic form of the (6–4) photoproduct and its Dewar
valence isomer in Fig. S4† were produced with PyMOL (DeLano
Scientific LLC, San Carlos, CA, USA). The structures obtained
by the DFT calculation in the appendix were produced with
Discovery Studio 2.0 (Accelrys Software Inc., San Diego, CA,
USA).

Conclusion

We performed comprehensive analyses on the protonation states
of the pyrimidone N3 in the (6–4) photoproduct and its related
compound. The results indicated that the pKa value for the N3 of
the (6–4) photoproduct is remarkably lower than that of a normal
pyrimidone ring, and strongly suggest that an intramolecular
hydrogen bond is formed between the N3 of the 3¢ base and the 5-
OH of the 5¢ base under physiological conditions. This interaction
should be taken into account to elucidate the repair mechanism
of the (6–4) photolyase. The histidine residue acting as a base in
Fig. 1a is also required for the protonation of the 3¢ pyrimidone
base by the other histidine, at the first step of the (6–4) photolyase
reaction.
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