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ABSTRACT: The (6—4) photoproduct, which is one of the major UV-induced DNA lesions, causes carcinogenesis
with high frequency. The (6—4) photolyase is a flavoprotein that can restore this lesion to the original bases, but its
repair mechanism has not been elucidated. In this study, we focused on the interaction between the enzyme and the
3’ pyrimidone component of the (6—4) photoproduct and prepared a substrate analogue in which the carbonyl
group, a hydrogen-bond acceptor, was replaced with an imine, a hydrogen-bond donor, to investigate the
involvement of this carbonyl group in the (6—4) photolyase reaction. UV irradiation of oligodeoxyribonucleotides
containing a single thymine—5-methylisocytosine site yielded products with absorption bands at wavelengths
longer than 300 nm, similar to those obtained from the conversion of the TT site to the (6—4) photoproduct.
Nuclease digestion, MALDI-TOF mass spectrometry, and the instability of the products indicated the formation
of the 2-iminopyrimidine-type photoproduct. Analyses of the reaction and the binding of the (6—4) photolyase
using these oligonucleotides revealed that this imine analogue of the (6—4) photoproduct was not repaired by the
(6—4) photolyase, although the enzyme bound to the oligonucleotide with considerable affinity. These results
indicate that the carbonyl group of the 3’ pyrimidone ring plays an important role in the (6—4) photolyase reaction.
On the basis of these results, we discuss the repair mechanism.

The base moieties within DNA are excited by exposure to
ultraviolet (UV)' light and undergo various chemical reactions
that alter their structures. The major products of these reactions
are cyclobutane pyrimidine dimers (CPDs) and pyrimidine-
(6—4)pyrimidone photoproducts [(6—4) photoproducts 1] (7).
The simplest repair pathway for these UV lesions involves
photoreactivation of the UV-damaged DNA, which uses blue
to near-UV light (300—500 nm) in sunlight to maintain genetic
integrity (2, 3). The CPD and (6—4) photolyases are the enzymes
responsible for the photoreactivation of the CPD and the (6—4)
photoproduct, respectively. These enzymes share sequence simi-
larity and contain the same cofactor, flavin adenine dinucleotide
(FAD), in their catalytic centers. However, their repair processes
are remarkably different (2). While the CPD is repaired by
donation of an electron from the excited FADH ™ cofactor to
the cyclobutane ring (4, 5), the repair of the (6—4) photoproduct
requires not only the light-driven electron transfer but also the
migration of the functional group from C5 of the 5 base to C4 of
the 3’ pyrimidone.
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It has been proposed that the migration of the functional
group within the (6—4) photoproduct could be accomplished by
the formation of the oxetane/azetidine intermediate (6), catalyzed
by the two conserved histidine residues of the (6—4) photolyase
(Figure 1A) (7). An electron—nuclear double resonance analysis
suggested that one of these histidine residues that could act as an
acid was protonated at pH 9.5 in Xenopus laevis (6—4) photo-
lyase. In the proposed repair mechanism, this protonated histi-
dine interacts with N3 of the pyrimidone of the (6—4) photo-
product, and the other histidine interacts with the 5-OH group of
the 5’ component (8). The oxetane-mediated pathway was shown
to be necessary for the light-dependent repair of the (6—4) photo-
product in biochemical studies (9, 10), model compound chemi-
stry analyses (/1, 12), and quantum calculations (/3). In the
crystal structure of the Drosophila melanogaster (6—4) photo-
lyase—DNA complex (14), however, the enzyme interacted only
with the 5-OH group of the 5’ base of the (6—4) photoproduct.
Therefore, on the basis of this structure and the in situ repair in
the crystal, a different reaction mechanism has been proposed;
the functional group in question was directly transferred to C4 of
the 3’ base, without oxetane intermediate formation (Figure 1B).

Although an interaction was not detected between the enzyme
and the 3’ pyrimidone in the D. melanogaster (6—4) photolyase—
DNA complex structure, the 3’ pyrimidone may still be involved
in the (6—4) photolyase reaction. In our previous study using the
Dewar photoproduct, we discovered that the 3’ component of the
(6—4) photoproduct was important for substrate recognition by
the (6—4) photolyase (15). This result suggested that the active
site of the (6—4) photolyase could interact with the 3’ pyrimidone
of the (6—4) photoproduct. In the originally proposed mechan-
ism (6, 7), N3 of the 3’ pyrimidone was chosen as a hydrogen-
bond acceptor, probably because this atom was close to the
donor. However, the 3’ pyrimidone contains two hydrogen-bond

©2009 American Chemical Society



FADH™ FADH"
(¢]

hoviek e il tH
- b

(@]
o
. N0
SRS 1
N e NN
W r

B\ \ o
N N« N N-
S onw T N-H
O H

X
N
- o = o)
o.
HN H __, HN D H . '—E\
07N N.__O 07N N0 N.__OH
SRS S Sk S 1
X N\rr‘I X N\rrlI X N\rﬁf

FIGURE 1: Repair mechanisms of the (6—4) photolyase proposed
from site-directed mutagenesis (A) and crystallographic analysis (B).
The first radical anion species in panel B was derived from light-
dependent electron transfer. (C) Structures of the (6—4) photoproduct
formed at the TT site [T(6—4)T, 1] and the cationic imine analogue of
the (6—4) photoproduct [T(6—4)T™2, 2] used in this study.

acceptors, namely, the N3 atom and the C2 carbonyl group. Our
study with the dinucleoside monophosphate containing the (6—4)
photoproduct showed an extremely low pK, for N3 of the
3" pyrimidone of the (6—4) photoproduct, compared with that
of the normal pyrimidone ring, and suggested formation of an
intramolecular hydrogen bond between N3 of the 3’ base and the
5-OH group of the 5 base (16). Therefore, the possible involve-
ment of the C2 carbonyl, rather than N3, of the 3’ pyrimidone in
the reaction should be considered. To investigate this possibility,
the photolyase reaction with a substrate analogue modified at
this functional group would provide useful information. Pre-
viously, a thietane-type photoproduct and its derivatives were
used as substrate analogues for the (6—4) photolyase reaction (9),
but the use of compounds modified at the C2 position has not
been reported thus far.

In this article, we investigated the role of the C2 carbonyl
group of the 3’ pyrimidone in photoproduct repair by (6—4)
photolyase, by preparing oligodeoxyribonucleotides containing a
modified (6—4) photoproduct [T(6—4)TN"2, 2], in which this
carbonyl group was replaced with an iminium cation. The results
of the reaction and the binding experiments using this modified
substrate indicate that the carbonyl group at the 3’ pyrimidone of
the (6—4) photoproduct is involved in the repair of the (6—4)
photoproduct by the (6—4) photolyase. We further discuss the
role of this carbonyl group in the reaction mechanism of the
(6—4) photolyase.

MATERIALS AND METHODS

General Methods. Reagents for the DNA synthesizer were
purchased from Applied Biosystems Japan and Glen Research.
HPLC analyses were performed on either a Gilson gradient-type
analytical system equipped with a Waters 2996 photodiode array
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detector or a Shimadzu gradient-type analytical system equipped
with an SPD-MI0AVP photodiode array detector. On both
systems, a Waters yBondasphere C18, 5 um, 300 A column
(3.9 mm x 150 mm) was used at a flow rate of 1.0 mL/min with
a linear gradient of acetonitrile (Wako Pure Chemical Co. Ltd.) in
0.1 M triethylammonium acetate (TEAA) (pH 7.0). '"H NMR
spectra were recorded on a Varian INOVA 500 spectrometer at
303 K. An HDO signal in D,O was set to 4.70 ppm as an internal
reference. The mixing time in the NOESY measurement was set to
700 ms. Analysis of oligonucleotides by matrix-assisted laser
desorption ionization time-of-flight mass spectrometry (MALDI-
TOF MS) was performed on an Applied Biosystems Voyager DE
PRO spectrometer, using 3-hydroxypicolinic acid (3-HPA) as a
matrix. The competitive electrophoretic mobility shift assay
(EMSA) was performed in a cold room maintained at 4—6 °C
under yellow light, to prevent the repair reaction by the (6—4)
photolyase. The results of the radioisotope experiments were
obtained with a BAS-1800 Bioimaging Analyzer (Fuji Film).

Preparation, Purification, and Characterization of the
Oligonucleotides Containing the (6—4) Photoproduct Ana-
logue. Oligonucleotides containing 2'-deoxy-5-methylisocytidine
(dmisoC), namely, the dmisoC 12-mer [d(CATmisoCAGCACG-
AC)] and the dmisoC 15-mer [d(ACAGCGGTmisoCGCAG-
GT)], were synthesized on an Applied Biosystems 3400 DNA
synthesizer according to the instructions for the dmf-protected
dmisoC phosphoramidite (Glen Research). The oligonucleotides
were purified by HPLC. The column was heated to 50 °C, and the
elution was performed with a 5 to 13% acetonitrile gradient
generated over 20 min. Desalting was accomplished with an
illustra NAP-10 column (GE Healthcare).

For small-scale tests, oligonucleotides (10 nmol) were dis-
solved in 1 mL of 50 mM phosphate buffer (pH 7.0). After being
degassed by a nitrogen purge for 3 min, the solution was placed in
a Petri dish (2.5 cm diameter) and irradiated on ice with a FUNA-
UV cross-linker FS-1500 (Funakoshi) with six 15 W germicidal
lamps. Aliquots of the solution (20 uL each) were analyzed by
HPLC at appropriate intervals. For large-scale preparation,
oligonucleotides (100 nmol) were dissolved in 10 mL of 50 mM
phosphate buffer (pH 7.0). The solution was degassed for 5 min
and then placed in a Petri dish (9.4 cm diameter). The solutions of
the 12- and 15-mer were irradiated on ice for 10 and 45 min,
respectively. The resulting solution was evaporated to dryness on
a rotary evaporator equipped with a vacuum pump, without
heating. The residue was dissolved in 1 mL of water, and the
oligonucleotides were purified by HPLC. The collected fraction
was immediately frozen, to prevent decomposition. After eva-
poration of the acetonitrile, the solution was passed through
a Waters Sep-Pak Plus C18 Environmental Cartridge (Waters)
to remove the TEAA. The cartridge was washed with water
(10 mL), and then the product was eluted with 50% aqueous
acetonitrile (15 mL). The solution was concentrated to dryness,
and the residue was dissolved in 400 uL of cold water.

Oligonucleotides containing the normal (6—4) photoproduct
[T(6—4)T], d(CATTAGCACGAC) and d(ACAGCGGTTGC-
AGGT), where the underlined TT represents the (6—4) photo-
product formed at the TT site, were prepared as described
previously (14, 17).

For the nuclease digestion of the oligonucleotide, 150—180 units
of S1 nuclease from Aspergillus oryzae (Takara Bio) was added to
a solution of the oligonucleotide (300 pmol), in a buffer (20 uL)
containing 30 mM sodium acetate (pH 4.6), 280 mM NaCl, and
1 mM ZnSOy,, and the resultant mixture was incubated at 37 °C for
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24 h. Then, 1 unit of alkaline phosphatase from Escherichia coli
(Takara Bio) and a buffer containing 50 mM Tris-HCl and 1 mM
MgSO4 (pH 9.0, 50 uL) were added, and the mixture was
incubated for 2 h. The HPLC analysis was performed using a
GL Science Inertsil ODS-2 column (4.6 mm x 150 mm) with a
linear gradient (from 0 to 10%) of acetonitrile in 0.1 M TEAA for
20 min at room temperature.

Analysis of the (6—4) Photolyase Reaction by HPLC. X.
laevis (6—4) photolyase was prepared as described previously (10).
Analysis of the (6—4) photolyase reaction was performed by
HPLC, following our previous report (15). Briefly, a solution of
X. laevis (6—4) photolyase (1 nmol) in a buffer containing 10 mM
Tris-HCI (pH 8.0), 10 mM NaCl, and 2 mM 2-mercaptoethanol,
which was covered with a Pyrex lid, was illuminated on ice with
an 18 W fluorescent lamp at a distance of 15 cm for 30 min.
A solution of T(6—4)T 12-mer or T(6—4)TN"? 12-mer (each
200 pmol) was added to the preincubated mixture, and the
mixture was illuminated again for 3 h. The reaction mixture
was analyzed by HPLC. A linear gradient from 7 to 13%
acetonitrile in 0.1 M TEAA generated over 20 min was used
for this analysis at room temperature.

Analyses of (6—4) Photolyase Binding by an Electro-
phoretic Mobility Shift Assay (EMSA). The 5’ end of the
T(6—4)T 15-mer (5 pmol) was **P-labeled with [y-*P]JATP and
T4 polynucleotide kinase. The resultant reaction mixture was
passed through an illustra MicroSpin G-25 column (GE Health-
care). The labeled oligonucleotide (250 fmol) was annealed to the
unlabeled complementary strand, d(ACCTGCAACCGCTGT)
(300 fmol), in a buffer (50 uL) containing 50 mM Tris-HCI
(pH 8.0) and 50 mM NacCl. For the competitive EMSA, 0.5 nM
[**P]T(6—4)T 15 bp and 50 nM Xenopus (6—4) photolyase were
mixed in a buffer (20 uL) containing 10 mM Tris-HCI (pH 8.0),
10mM NaCl, I mM DTT, and 5% glycerol, and this mixture was
incubated for 10 min. The unlabeled 15 bp duplex containing
T(6—4)T, T(6—4)T M, or undamaged TT was then added to the
preincubated mixture, at final concentrations of 0—500 nM. The
resultant mixture was incubated for 30 min and then subjected to
electrophoresis on a 5% polyacrylamide gel. The band intensity
was quantified with Multi Gauge version 3.0 data processing
software (Fuji Film). The inhibition constants (K;) were deter-
mined from a Scatchard plot, as described in the Supporting
Information.

RESULTS

Preparation and Characterization of Oligonucleotides
Containing the (6—4) Photoproduct Analogue. At first, we
tried to prepare a 2-thio-modified (6—4) photoproduct, in which
the carbonyl group at C2 of the 3’ pyrimidone was replaced with a
thiocarbonyl group, and tested whether the (6—4) photoproduct
could be formed from thymidylyl(3'—5')-2-thiothymidine by
exposure to UV light. However, we could not detect the forma-
tion of the desired 2-thio analogue of the (6—4) photoproduct by
HPLC analysis (data not shown). Therefore, in this study, we
used another modified (6—4) photoproduct, T(6—4)T™"2, in
which the C2 carbonyl group of the 3’ component was replaced
with an imino group. For its preparation, thymidylyl(3'—5')-
2'-deoxy-5-methylisocytidine (TpdmisoC) and oligonucleotides
containing this sequence at a single site were irradiated with UV
light. Prior to the UV irradiation of the oligonucleotides, photo-
product formation was confirmed using a dinucleoside mono-
phosphate. For this purpose, a solution of TpdmisoC in 50 mM
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FIGURE 2: HPLC analysis after UV irradiation of thymidylyl(3'—5')-
2'-deoxy-5-methylisocytidine (TpdmisoC) for 0 (a), 20 (b), and 40 min
(¢). Thick and thin lines represent chromatograms monitored at
254 and 310 nm, respectively. The absorption at 310 nm was magnified
by a factor of 5. The inset shows a UV absorption spectrum of the
product with a g of 6.9 min, which was extracted with the data
processing software for the photodiode array detector.

phosphate buffer (pH 7.0) was irradiated on a UV cross-linker
with six 15 W germicidal lamps. The HPLC analysis revealed that
the amount of TpdmisoC decreased upon UV irradiation, and a
new peak, which had an absorption band with wavelengths
longer than 300 nm, emerged at a retention time (g = 6.9 min)
shorter than that of TpdmisoC (g = 13.9 min), in a manner
similar to the formation of the (6—4) photoproduct of TpT (18).
The UV absorption spectrum of the product extracted from the
photodiode array data showed that its maximum absorption
wavelength (4,,.,) was 306 nm (Figure 2, inset). The FAB mass
spectrum of this product measured in the negative ion mode
revealed that its exact mass was 544.14 (M — H], Cy,Hys-
N;504,P; caled m/z, 544.145), although the hydrolyzed product
(m/z 562.16) was also observed in the same spectrum. We
measured 'H NMR spectra of this product. Although the
N-glycosidic bond of the 3’ component was completely hydro-
lyzed, as shown in Figure S1 of the Supporting Information,
characteristic NOE signals were observed between the methyl
protons of the 3’ base (6 2.21) and H6 of the 5’ base (6 5.02), in the
same way as the (6—4) photoproduct of TpT (/8). The chemical
shift of H6 of the 3’ base (0 8.10) demonstrated the pyrimidine-
type structure of this base moiety.

Because formation of the (6—4)-type photoproduct was con-
firmed, a solution of the dmisoC 12-mer, which possessed a single
TpdmisoC site, was irradiated in the same way, and the reaction
was analyzed by HPLC (Figure 3). A new product with the
characteristic absorption at 310 nm emerged at a shorter reten-
tion time [tg = 11.1 min (Figure 3c)], in a manner similar to that
of TpdmisoC. We tried to purify the product by HPLC, but this
product easily decomposed during the concentration of the
TEAA-containing solution or the desalting on a gel filtration
column (data not shown). Desalting using a C18 cartridge yielded
a better result (Figure 3d).

The purified product was characterized by MALDI-TOF MS
and nuclease digestion. In the MALDI-TOF MS analysis (Figure
S2 of the Supporting Information), the obtained molecular
weight was 3629.89, which was 18 units larger than the calculated
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FiGure 3: HPLC analysis of UV irradiation of the dmisoC 12-mer
for 0 (a), 5 (b), and 10 min (c) and purified T(6—4)T~H2 12-mer (d).
Thick and thin lines represent chromatograms monitored at 254 and
310 nm, respectively. The absorption at 310 nm was magnified by a
factor of 10.

one (m/z 3612), suggesting that the product was hydrolyzed
during the analysis, probably because of the acidity of the matrix.
For further characterization, the product was digested with
nucleases. Oligonucleotides were treated with SI nuclease and
alkaline phosphatase, as described previously (/5), and the
reaction mixtures were analyzed by HPLC (Figure S3 of the
Supporting Information). The single thymidine in the dmisoC 12-
mer sequence disappeared upon UV irradiation, and instead, a
new peak emerged at a retention time longer than those of the
four nucleosides (peak ii in trace c). This compound had two
absorption maxima, at 260 and 306 nm (trace ¢ in Figure S3B of
the Supporting Information), suggesting that the 2’-deoxyade-
nylate on the 3' side of T(6—4)T~" was not cleaved during the S1
nuclease digestion, in the same manner as in the T(6—4)T 12-mer
digestion (trace e in Figure S3A of the Supporting Informa-
tion) (15).

UV irradiation of the dmisoC 15-mer was performed in the
same way, but in the HPLC analysis, two products, with the
characteristic absorption of T(6—4)T""2, emerged at 10.2 and
12.7 min (trace d in Figure S4B of the Supporting Information).
Since the product with the 10.2 min retention time was supposed
to be produced by chain cleavage after the hydrolysis of the
N-glycosidic bond, the product with the longer retention time was
purified by HPLC, following the procedure for the aforemen-
tioned 12-mer, and the purified product was characterized by
MALDI-TOF MS and nuclease digestion (Table S1 and Figure
S3 of the Supporting Information). These analyses indicated that
T(6—4)TN"2 was successfully formed at the TpdmisoC site in the
dmisoC 15-mer.

Reaction of the (6—4) Photolyase with T(6—4)T""?. To
determine whether the (6—4) photolyase can repair T(6—4) T2,
we analyzed the (6—4) photolyase reaction using the T(6—4)T2
12-mer, by the method described previously (15). Although a
repair assay using a restriction enzyme is available (6, 9, 10), we
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FiGurE 4: HPLC analysis of the photoreactivation of T(6—4)T 12-mer
(a) and T(6—4)T"2 12-mer (b) by Xenopus (6—4) photolyase. Thick
and thin lines represent chromatograms monitored at 254 nm and
325 (a) or 310 (b) nm, respectively. The absorption at 310 and 325 nm
was magnified by a factor of 5.
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FIGURE 5: Binding of the (6—4) photolyase, as determined by a com-
petitive EMSA. Unlabeled 15 bp duplexes containing T(6—4)T (thick
line, <), T(6—4)TN"2 (thin line, O0), and undamaged TT (dashed line, A)
competed for (6—4) photolyase binding with [**P]T(6—4)T 15 bp.

employed HPLC analysis because the T(6—4)T~"? repair pro-
duct would not be enzymatically cleaved. The T(6—4)T 12-mer
and the T(6—4)T™? 12-mer were treated with X. laevis (6—4)
photolyase under fluorescent light, and the reaction mixtures
were analyzed by HPLC (Figure 4). The T(6—4)T 12-mer was
converted to the undamaged oligomer (TT 12-mer) successfully
(Figure 4a), and this result was confirmed by the co-injection of
the reaction mixture with the TT 12-mer (data not shown). In
contrast, the T(6—4)T~"? 12-mer remained unrepaired
(Figure 4b). The co-injection experiment assigned the peak as
the starting material, i.c., the T(6—4)T~"? 12-mer, and neither a
prolonged reaction time (up to 23 h) nor the addition of a 10-fold
molar excess of the enzyme yielded the repaired product (data not
shown).

Analysis of (6—4) Photolyase Binding by an EMSA.
Since the modified (6—4) photoproduct was not repaired by the
(6—4) photolyase, we confirmed the binding of the (6—4)
photolyase to the T(6—4)T™-containing duplex by a competi-
tive electrophoretic mobility shift assay (EMSA). In this experi-
ment, the [*P]T(6—4)T 15 bp duplex, **P-d(ACAGCGGT-
(6—4)TGCAGGT)-d(ACCTGCAACCGCTGT), competed for
(6—4) photolyase binding against increasing amounts of un-
labeled 15 bp duplexes containing T(6—4)T, T(6—4)TN", and
undamaged TT. After the [**P]T(6—4)T 15 bp was incubated
with the (6—4) photolyase for 10 min, the competitor was added
to the reaction mixture. The resultant mixture was incubated for
30 min, and then the bound and free substrates were separated by
gel electrophoresis. In this experiment, a decrease in the amount
of the labeled complex indicates that the competitor can bind to
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the (6—4) photolyase. The fractions bound to the enzyme were
plotted versus the concentration of the competitors (Figure 5).
Upon the addition of T(6—4)T 15 bp, the amount of labeled
complex obviously decreased and reached the lowest level at a
concentration of 100 nM [Figure 5 (&)]. For comparison, TT
15 bp, which has two thymine bases instead of the lesion, was used
as a negative control, and the bound fractions were plotted similarly
[Figure 5 (A)]. In this case, the addition of TT 15 bp did not cause
the dissociation of the [**P]T(6—4)T 15 bp—enzyme complex. In
contrast, when T(6—4)T"2 15 bp was added to the solution of the
[*P]T(6—4)T 15 bp—enzyme complex, a smaller reduction in the
amount of the bound fraction was observed [Figure 5 (O)],
suggesting the (6—4) photolyase bound to T(6—4)T™" 15 bp with
an affinity lower than that of T(6—4)T 15 bp.

The inhibition constant of an enzyme—competitor complex (Kj)
is usually obtained from a kinetic analysis using the velocity and
the Michaelis constant of the enzyme reaction in the presence of
competitors (/9). In the photolyase studies, however, the repair
reaction depends on light, and the reaction is accomplished within
nanoseconds (2, 3). Therefore, a kinetic analysis is not appropriate
for determining the K; values of the competitors in this case.
Instead, the Eadie—Scatchard plot was expanded to obtain the
K; and Ky values by formulation from the competitive inhibition
scheme, as described in the Supporting Information and Figure S5.
The Ky values obtained for T(6—4)T 15 bp from the experiments
using T(6—4)T 15 bp and T(6—4)T™"2 15 bp (106 and 110 nM,
respectively) and the K; value for T(6—4)T 15 bp (93 nM) were
almost the same. The K; value of T(6—4)T™ 15 bp (307 nM) was
~3.3-fold lower than that of T(6—4)T 15 bp.

DISCUSSION

We intended to investigate the repair mechanisms of the (6—4)
photolyase by using a (6—4) photoproduct analogue modified at
the C2 carbonyl group of the 3’ pyrimidone. Thus far, two repair
mechanisms for the (6—4) photolyase have been proposed. One
includes hydrogen bonding interactions between the two con-
served histidine side chains and the (6—4) photoproduct to form
an oxetane intermediate (Figure 1A). This oxetane intermediate
mechanism was derived from our experimental results that
showed that the mutation of either histidine led to the loss of
the repair function (7). The second mechanism, proposed in a
structural study (/4), hypothesizes radical formation and direct
transfer of the hydroxyl group (Figure 1B). In this study, we
began with the hypothesis that the UV-damaged base is repaired
by the (6—4) photolyase in a manner similar to that of the CPD
photolyase (20), by the opening of the four-membered ring. A
concern with the direct transfer mechanism was that the demons-
trated repair of the (6—4) photoproduct formed at the TC site
(9, 21) should not be achieved by direct transfer because the TC
amino group is not a hydrogen-bond acceptor. A concern with
the oxetane intermediate mechanism (Figure 1A) is that the N3
atom of the 3’ pyrimidone ring originally chosen as the hydrogen-
bond acceptor was too close to the hydroxyl group at C5 of the
5" component, such that the two histidine imidazole rings must be
stacked to simultaneously form the two hydrogen bonds. How-
ever, such a stacking conformation was not observed in the
crystal structure (/4). Therefore, in this study, we investigated the
possibility that the C2 carbonyl group of the 3’ pyrimidone
functions as the hydrogen-bond acceptor.

We prepared T(6—4)T™"? 2 (Figure 1C)]. The compound 1,2-
dihydro-2-imino-1-methylpyrimidine, which resembles the 3’ base
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of T(6—4)TN"2 has a reported absorption maximum at 345 nm at
pH 13. Importantly, in neutral solutions, this 2-iminopyrimidine
derivative is protonated and tautomerized to an amino structure
with the absorption maximum shifted to 301 nm (22). Therefore, if
the desired T(6—4)T™"2 was formed by UV irradiation, then the
product would be expected to have an absorption maximum at a
wavelength longer than 300 nm. In fact, HPLC analysis of the UV-
irradiated TpdmisoC (Figure 2) revealed the formation of a new
product with an absorption maximum at 306 nm. This indicated
that cationic T(6—4)T™" was successfully formed by the intra-
molecular Paterno—Biichi reaction and the following spontaneous
oxetane splitting, similar to the formation of the (6—4) photo-
product of TpT (8, 23). However, as observed in the FAB MS
and NMR analyses, this product was extremely unstable even
under neutral conditions, probably because of the electron defi-
ciency of the cationic base, which induces the hydrolysis of the
N-glycosidic bond (Scheme S1 of the Supporting Information) (24).
This instability supports the cationic structure of the 2-amino-
pyrimidinium photoproduct. Although an N-methyl derivative of
the (6—4) photoproduct, which also had a cationic 3’ base, was
reportedly converted to the original pyrimidine bases by UV
irradiation (/2), we confirmed that such a photoreversion did not
occur in the case of T(6—4)T (data not shown).

For the application to the (6—4) photolyase studies, oligonu-
cleotides containing a single TpdmisoC were exposed to UV light,
to convert the TpdmisoC site into T(6—4)T™"2. We prepared
two oligonucleotides containing TpdmisoC, d(CATmisoCAGC-
ACGAC) and d(ACAGCGGTmisoCGCAGGT). This 12-mer
sequence, designed in previous work (/7), is advantageous
because its repair product can be separated completely from
the (6—4) photoproduct-containing oligonucleotide by reversed-
phase HPLC (15). However, this 12-mer was not suitable for the
binding experiment, because DNase I footprinting revealed that
the (6—4) photolyase covers a region more than ~10 nucleo-
tides long around the (6—4) photoproduct (9, 10). Therefore, the
15-mer was prepared for the binding assay.

In the preparation of the photoproduct, UV irradiation of the
dmisoC-containing oligonucleotides yielded new products with
the characteristic absorption at 310 nm, similar to the TpdmisoC
case. However, MALDI-TOF MS revealed that these products
were easily hydrolyzed (Table S1 of the Supporting Information).
It is important to determine when the obtained products were
hydrolyzed. Treatment of the oligonucleotides with S1 nuclease
and alkaline phosphatase produced trimers in which an extra
nucleotide remained on the 3’ side of T(6—4)T™"2, as also ob-
served for the T(6—4)T 12-mer (15) (traces b and e in Figure S3A
of the Supporting Information). In general, after the N-glyco-
sidic bond is hydrolyzed in oligonucleotides, chain cleavage by
p-elimination occurs at the resultant apurinic/apyrimidinic site, as
shown in Scheme S1 of the Supporting Information (25). Since
alkaline conditions were used for the phosphatase reaction, the
result described above showed that the N-glycosidic bond at the
3 base of T(6—4)T""? was intact in the oligonucleotide and
suggested that the hydrolysis occurred during the MALDI-TOF
measurement, due to the acidity of the 3-HPA.

These oligonucleotides were used for the analysis of the (6—4)
photolyase reaction. The (6—4) photolyase can convert the (6—4)
photoproducts formed at TT (6—10) and TC (9, 21) sites to their
original bases but cannot repair the Dewar (9, 10, 15) or thietane-
type photoproducts (9). Since the chemical structures of the latter
photoproducts differ greatly from that of the (6—4) photo-
product (26, 27), the (6—4) photolyase may not recognize these
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photoproducts properly. In contrast, T(6—4)T "2 differs from
T(6—4)T at only a single functional group. Therefore, analysis of
the (6—4) photolyase reaction using this modified substrate will
provide useful information about the role of the functional group
at this position. HPLC analysis of the (6—4) photolyase reaction
revealed that T(6—4)T™"2 was not repaired to the original bases
by the (6—4) photolyase, even in the presence of a 10-fold molar
excess of the enzyme. The competitive EMSA indicated that
T6—4)TN" 15 bp clearly competed for (6—4) photolyase
binding with [**P]T(6—4)T 15 bp even at low concentrations,
whereas the competitive binding of TT 15 bp was observed only
at high concentrations, probably due to nonspecific binding. The
inhibition constants of the competitors were obtained from linear
approximation, as shown in Figure S5 of the Supporting
Information. It should be noted that the Ky and K; values
obtained for T(6—4)T 15 bp from the experiment using
T(6—4)T 15 bp (106 and 93 nM, respectively) were similar. This
result indicated that this method could be used to analyze the
enzyme binding, because these parameters, which both showed
the affinity for T(6—4)T, should be the same. By using this plot, a
K; value of 307 nM was obtained for T(6—4)T~"? 15 bp, which
was 3.3-fold lower than that for T(6—4)T 15 bp. These results
demonstrate that the (6—4) photolyase could bind to
T(6—4)TNM?, although the affinity was reduced to some extent,
as compared to that for T(6—4)T.

Our study revealed that T(6—4)T™" bound to the (6—4)
photolyase with considerable affinity but was not repaired. These
results indicate that the C2 carbonyl group in the 3’ pyrimidone
of the (6—4) photoproduct plays a role in the enzymatic repair
mechanism. Two repair mechanisms have been proposed, as
shown in Figure 1. In the direct transfer mechanism (Figure 1B),
the substitution of the carbonyl group with the iminium group in
the 3' base of the (6—4) photoproduct may facilitate the
nucleophilic attack of the water molecule at C4 of the 3’ base
and does not affect the following (6—4) bond cleavage. On the
other hand, the results obtained in this study can be explained by
the oxetane-mediated mechanism. The modification we intro-
duced in this study was the replacement of the C2 carbonyl group
in T(6—4)T with an iminium group, and the primary difference
between these two groups is their role in hydrogen-bond forma-
tion. The carbonyl and iminium groups work as an acceptor and
a donor, respectively. Therefore, our results suggested that the
functional group at this position is involved in a hydrogen
bonding interaction with the enzyme. Considering the results of
our (6—4) photolyase reaction and the oxetane intermediate
mechanism, we propose that the second hydrogen bond is formed
between the carbonyl group and an amino acid residue of the
enzyme (Figure 6). An acidic side chain (HA, in Figure 6) would
interact with the C2 carbonyl group, not N3, in the 3’ pyrimidone
of the (6—4) photoproduct, while the C5 hydroxyl group in the
5" component forms a hydrogen bond with a basic residue (B:).
These residues may be the conserved histidine side chains. The
hydroxyl group attacks C4 of the 3’ pyrimidone to form the
oxetane intermediate in a concerted manner, as shown in Figure 6.
Subsequently, the (6—4) photoproduct is repaired by transfer of
an electron from the excited FADH ™.

In conclusion, we prepared and characterized the modified
(6—4) photoproduct, T(6—4)T™"2, in which the carbonyl group
was replaced with an imine, to analyze the (6—4) photolyase
reaction. We found that T(6—4)TN" is not repaired to the
original bases, although the enzyme binds to this substrate
analogue with considerable affinity, indicating that the C2
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FIGURE 6: Revised mechanism of the (6—4) photolyase reaction,
using the C2 carbonyl group as a hydrogen-bond acceptor.

carbonyl group of the (6—4) photoproduct plays an important
role in the (6—4) photolyase reaction. This finding will contribute
to the elucidation of the recognition and reaction mechanisms of
the (6—4) photolyase.

SUPPORTING INFORMATION AVAILABLE

Summary of the MALDI-TOF MS results (Table S1), NMR
spectrum of T(6—4)TN™ (Figure S1), MALDI-TOF mass
spectrum of the T(6—4)T~"? 12-mer (Figure S2), HPLC analysis
of nuclease digestions of the oligonucleotides used in this study
(Figure S3), HPLC chromatograms of UV irradiation of TT
15-mer and dmisoC 15-mer (Figure S4), and the expanded
Eadie—Scatchard plot (Figure S5 and Supplementary methods).
This material is available free of charge via the Internet at
http://pubs.acs.org.
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