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Abstract—We have examined the efficiency of DNA photooxidation in DNA/PNA duplex and DNA/(PNA)2 triplex for the first
time. DNA/PNA duplex was cleaved at GG steps by external riboflavin with high efficiency like specific GG cleavage in DNA/
DNA duplex. However, the 50G selectivity of the GG oxidation in DNA/PNA duplex was much lower than that observed in DNA/
DNA duplex. Remote DNA oxidation of oxidant-tethered DNA/PNA duplex was considerably suppressed. In contrast, the for-
mation of DNA/(PNA)2 triplex by hybridization with two PNA strands completely inhibited the remote GG oxidation, indicating
that PNA acts as an inhibition for remote oxidative DNA damage. # 2002 Elsevier Science Ltd. All rights reserved.

Introduction

Stacked bases in DNA duplex provide an effective
media for long-range charge transport through
DNA.1�6 Oxidative DNA damage caused by metabo-
lism,7 UV irradiation,8 gamma-ray,9 and pulse radio-
lysis10 is accumulated at guanine base (G) which has the
lowest oxidative potential among nucleobases.11 Parti-
cularly, GG doublet is more easily oxidized than single
G, since oxidation potentials of GN sequences are in the
order of GG>GA>>GC and GT.12,13 Recently, it has
been suggested that the long-range hole migration pro-
ceeds via a multistep hole-hopping mechanism and the
efficiency of long-range hole migration is strongly affec-
ted by the sequence intervening between hole donor and
acceptor.5,6,14�17 The long-range hole migration through
DNA triplex has also been reported.18,19

Peptide nucleic acid (PNA) is a nucleic acid analogue
possessing peptide backbone instead of sugar-phosphate
backbone.20 PNA oligomer is known to tightly bind to
complementary DNA and RNA, forming right-handed
duplex.21 While DNA/PNA duplex has been intensively
studied with regard to the hybridized structures and
thermodynamics, little is known on the chemical reac-
tivity of DNA/PNA duplex and DNA/(PNA)2 triplex.
Schuster et al. reported long-range hole migration

through DNA/PNA duplex containing anthraquinone
unit.22,23

As a general problem for the hybridization of DNA
with PNA, elucidation of how the chemical reactivity of
DNA is altered as a result of hybridization with PNA is
very important. Particularly, we are very interested in
the potential use of PNA as an inhibitor for remote
oxidative DNA lesion. Herein, we report how the effi-
ciency of GG oxidation is altered by hybridization with
PNA. In this study, two types of guanine oxidation were
examined; one is the photooxidation with an external
one-electron photosensitizer such as riboflavin and the
other is the remote oxidation with oxidant-tethered
DNA. It was found that DNA/PNA duplex was cleaved
at GG step of DNA strand by external riboflavin with
high efficiency like GG cleavage in DNA/DNA duplex.
However, the 50G selectivity of the GG oxidation in
DNA/PNA duplex was lower than that observed in
DNA duplex. On the other hand, in the photooxidation
of DNA/PNA duplex using an oxidant-tethered DNA
strand, the efficiency of the remote GG oxidation in
DNA/PNA duplex was considerably suppressed.
Remote oxidation through DNA/(PNA)2 triplex con-
taining GG step in the DNA strand was also investi-
gated. It was demonstrated for the first time that the
triplex formation with two PNA strands result in an
almost complete inhibition of the remote GG oxidation.
The present results suggest a possibility for the use of
PNA as an inhibitor for long-range oxidative DNA
lesion.
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Results and Discussion

DNA and PNA strands used in this study are shown in
Table 1. 13 mer DNA 2a and 2b were complementary to
50 side part of 21 mer DNA 1, and 8 mer DNA 3 and
PNA 3a and 3b were complementary to 30 side part of
DNA 1. X in DNA 2b denotes cyanobenzophenone-
substituted 20-deoxyuridine.24 DNA 4a contains a poly-
purine region, which forms a triplex with 8 mer poly-
pyrimidine strands DNA 5a, 5b and PNA 5. PNA
strands were synthesized according to a conventional
tBoc solid phase peptide synthesis,25 and their composi-
tions were confirmed by MALDI-TOF mass spectro-
metry. The melting temperatures (Tm) of duplexes and
triplexes measured by absorption at 260 nm were shown
in Table 2. The circular dichromism (CD) spectra of the
duplexes and triplexes were all consistent with those
reported previously.26

We first examined the photooxidation of DNA strand in
DNA/PNA duplex by an external oxidant and com-
pared the oxidation efficiency and selectivity with those
for DNA/DNA duplex. The duplexes containing 32P-50-
end-labeled DNA were irradiated at 366 nm in the pre-
sence of riboflavin as a photosensitizer at 0 �C for 1 h.
The reaction was analyzed by polyacrylamide gel elec-
trophoresis after hot piperidine treatment. The result
was shown in Figure 1a. The strong cleavage bands
were observed at GG steps in DNA/DNA duplex (lane
3), antiparallel DNA/PNA duplex (lane 6) and parallel
DNA/PNA duplex (lane 10) as a result of photo-
irradiation with riboflavin and hot piperidine treatment.
The intensities of cleavage bands at G16G17 steps in
DNA/PNA duplexes were nearly equal to the band
intensity at G16G17 step in DNA/DNA duplex. How-
ever, the 50G (G16) selectivity for the DNA cleavage of
both antiparallel and parallel DNA/PNA duplexes was
lower than that observed in DNA/DNA duplex. The
results of Figure 1a indicated that the hybridization of
PNA to DNA did not suppress the GG oxidation by
riboflavin but a considerable loss of the 50G selectivity
was observed.

DNA oxidation initiated by a photosensitizer covalently
linked to DNA was next investigated. Through these
experiments we obtained an interesting result on the
efficiency and selectivity of the long-range oxidative

DNA lesion. DNA 2b, which contains cyanobenzophe-
none-substituted 20-deoxyuridine (X) as an electron-
accepting photosensitizer, was annealed with 32P-labeled
DNA 1 containing GG site. The duplexes were irra-
diated at 312 nm at 0 �C for 1 h. The result of auto-
radiography was shown in Figure 1b. The ratio of
cleavage band intensities at GG step in DNA/DNA
duplex was very similar to that observed for riboflavin-
sensitized photooxidation (lane 3 in Fig. 1b versus Fig. 1a).
In contrast, the cleavage bands at G16G17 step in anti-
parallel (lane 6) and parallel DNA/PNA duplex (lane
10) were smaller as compared with the G16G17 bands in
lane 3. These results suggest that the hybridization of
PNA to DNA decreased the efficiency of the remote
oxidation at G16G17 step. Furthermore, the 50G (G16)
selectivity of the DNA cleavage at G16G17 in DNA/
PNA duplex was completely lost.

In order to gain an insight into the efficiency and site-
selectivity for the GG oxidation, molecular orbital cal-
culation of GG step in DNA/PNA duplex was exam-
ined. We built 50-GG-30/H-CC-NH2 duplex using
parameters for antiparallel DNA/PNA duplex pre-
viously reported,27 and obtained HOMO energy and
HOMO distribution of this duplex by means of B3LYP/
6-31G(d) calculation. The HOMO energy of 50-GG-30/
H-CC-NH2 duplex was �4.50 eV. This is slightly smal-
ler than that of DNA/DNA duplex 50-GG-30/30-CC-50

(�4.44 eV). The calculated HOMO energy suggests that
like GG step of DNA/DNA duplex the GG step of
DNA/PNA duplex is also oxidizable by one-electron
oxidant with a similar high efficiency. The 50G/30G ratio
of calculated HOMO distribution on GG step in DNA/
PNA duplex was 100:57, which was smaller than that
for DNA/DNA duplex (100:40) (Fig. 2). These calcula-
tion data were consistent with the cleavage pattern
actually obtained in the DNA oxidation with riboflavin,
although the calculation data of small DNA/PNA
model in a gas phase does not always correctly reflect
the real photooxidation rate and selectivity in aqueous
media.

The strong cleavage bands were observed at GG step in
DNA/DNA duplex regardless of oxidation methods,
whereas the GG cleavage in DNA/PNA duplex was
considerably suppressed when the photooxidation was
carried out with an internal cyanobenzophenone pho-
tosensitization in spite of the effective GG cleavage by
riboflavin. This implies that the remote DNA oxidationTable 1. DNA and PNA strands used in this study

Sequencesa

DNA 50-(32P)-ATTTATAG8TAG11G12TCTG16G17ACAC-30

DNA 2a 30-TAAATATCATCCA-50

DNA 2b 30-TAAATAXCATCCA-50

DNA 3 30-GACCTGTG-50

PNA 3a H2N-GACCTGTG-H
PNA 3b H-GACCTGTG-NH2

DNA 4a 50-(32P)-ATTTATAG8TAG11G12TAG15AAG18G19AA-30

DNA 4b 50-AGAAGGAA-30

DNA 5a 50-TCTTCCTT-30

DNA 5b 30-TCTTCCTT-50

PNA 5 H2N-TCTTCCTT-H

aX is cyanobenzophenone-substituted 20-deoxyuridine; NH2 is car-
boxyamide end of PNA; H is amino end of PNA.

Table 2. Melting temperatures (Tm) of duplexes and triplexes

Tm (�C)

Duplexa

DNA/DNA 2a 19
DNA/(DNA 2a+DNA 3) 23b

DNA/(DNA 2a+PNA 3a) 25, 44
DNA/(DNA 2a+PNA 3b) 19, 42
Triplexc

DNA 4b/DNA 5a/DNA 5b 8, 31
DNA 4b/(PNA 5)2 64b

aConditions: 2.5 mM duplex, 10 mM sodium cacodylate, pH 7.0.
bOnly one sigmoidal curve was observed.
cConditions: 2.5 mM triplex, 10 mM sodium cacodylate, pH 6.2.
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through DNA/PNA duplex is less efficient than in DNA/
DNA duplex. First of all, structural studies of DNA/
PNA duplex indicate that the conformation is quite
different from B-form DNA/DNA duplex.27 In parti-
cular, the base stacking of DNA/PNA duplex is sig-

nificantly different from B-form DNA duplex. In
addition, the local structural changes could also occur
not only in DNA/PNA duplex region but also at the
DNA–PNA junction site as already observed at the
DNA–RNA junction.28 Thus, the change of the elec-

Figure 1. Autoradiograms of a denaturing gel electrophoresis for 32P-50-end labeled DNA 1 after photooxidation of the duplexes. (a) 366 nm pho-
toirradiaton of duplexes in the presence and absence of riboflavin at 0 �C for 1 h followed by hot piperidine treatment (90 �C, 20 min). Lanes 1–3,
DNA/(DNA 2a+DNA 3); lanes 4–6, DNA/(DNA 2a+PNA 3a); lane 7, Maxam-Gilbert G+A sequencing lane; lanes 8–10, DNA/(DNA 2a+PNA
3b). (b) 312 nm photoirradiaton of duplexes containing cyanobenzophenone-substituted 20-deoxyuridine (X) incorporated into DNA 2b at 0 �C for 1
h followed by hot piperidine treatment (90 �C, 20 min). Lanes 1–3, DNA/(DNA 2b+DNA 3); lanes 4–6, DNA/(DNA 2b+PNA 3a); lane 7, Maxam-
Gilbert G+A sequencing lane; lanes 8–10, DNA/(DNA 2b+PNA 3b). The arrows and italic numbers represent relative intensities of cleavage bands
obtained by densitometric analysis.
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tronic overlap of the stacked bases in DNA/PNA
hybrid as a result of structural alternations would cause
the difference in the remote DNA oxidation efficiency.

In order to know the effect of triplex formation, we
examined the photooxidation of DNA/(PNA)2 triplex
and compared the photooxidation efficiency with that of
DNA triplex. The triplexes containing 32P-50-end-
labeled DNA, shown in Figure 3, were irradiated at 312
nm. While the cleavage bands at G18G19 in the DNA
triplex region were ca. 20% of G11G12 in DNA duplex
region (lane 3), the cleavage bands at G18G19 in the
DNA/(PNA)2 triplex region (lane 6) were dramatically
reduced and almost negligible, indicating that the triplex
formation of DNA with two PNA strands completely
suppressed the DNA cleavage as compared with DNA
triplex. The extremely weak DNA cleavage in remote
GG oxidation of DNA/(PNA)2 triplex would also be
due to the structural change caused by the hybridization
of PNA to DNA as well as to the decrease of solvent
accessibility by triplex formation.

Conclusion

In summary, the DNA/PNA duplex was oxidized at
GG step in the photooxidation with external riboflavin,
whereas the efficiency of the remote GG oxidation was
significantly lowered by the formation of DNA/PNA
duplex. In addition, it was found that the hybridization
of PNA to DNA resulted in a decrease of the 50G
selectivity of GG oxidation regardless of the oxidation
methods used. Furthermore, the formation of the DNA/
(PNA)2 triplex almost completely suppressed DNA
cleavage derived from the remote GG oxidation. Thus,
PNA acts as an effective inhibitor for remote DNA
oxidation by hybridization to DNA and is used as a
useful tool for the study on the mechanism of oxidative
DNA lesion.

Experimental

General techniques

Cyanobenzophenone-tethered oligodeoxynucleotides
were synthesized as described elsewhere24 on Applied
Biosystems 392 DNA/RNA synthesizer. T4 kinase was
purchased from NIPPON GENE (10 units/mL) and g;-

[32P]-ATP (10 mCi/mL) was from Amersham Pharma-
cia Biotech. Photoirradiation at 312 or 366 nm was
carried out using a Cosmo BIO CSF-20AF transillumi-
nator. A Gibco BRL Model S2 sequencing gel electro-
phoresis apparatus was used for polyacrylamide gel
electrophoresis (PAGE).

Synthesis and characterization of PNA oligomers

PNA oligomers were synthesized by solid-phase tBoc
chemistry on a MBHA resin as described by Koch et
al.25 After the completion of PNA oligomer synthesis,
the resin was treated with a solution of trifluoroacetic
acid, trifluoromethanesulfonic acid, thioanisole, and p-
cresol (6:2:1:1 v/v/v/v) for the cleavage of PNA oligo-
mer from the resin and for the deprotection. The solu-
tion was filtered and precipitated in ethyl ether,
centrifuged, and decanted. The residue was redissolved
in trifluoroacetic acid, reprecipitated in ethyl ether, cen-
trifuged, and then decanted to give the crude product.
The crude oligomer was purified by reversed phase
HPLC on a Wakosil II 5-C18-AR (20�150 mm) using a
linear gradient of acetonitrile including 0.05% tri-
fluoroacetic acid and aqueous 0.05% trifluoroacetic acid
solvent system at a flow rate 4.0 mL/min and eluting
products were detected by UV at 260 nm. Each PNA
oligomer was characterized by MALDI-TOF MS; PNA
3a H-GTGTCCAG-NH2, m/z 2202.82 (calcd for
[M+H]+ 2202.12); PNA 3b H-GACCTGTG-NH2, m/z
2202.78 (calcd for [M+H]+ 2202.12); PNA 5 H-
TTCCTTCT-NH2, m/z 2103.26 (calcd for [M+H]+

2103.05).

Tm measurement

A 2.5 mM solutions of the appropriate oligonucleotides
and PNA oligomers in 10 mM phosphate buffer (pH 7.0
for duplex, pH 6.2 for triplex) were prepared. Melting
curves were obtained by monitoring the absorbance at
260 nm as the temperature was ramped from 2 to 81 �C
at a rate of 1 �C/min.

Preparation of 50-32P-end-labeled ODN

Oligonucleotides (ODNs, 400 pmol strand concentra-
tion) were labeled by phosphorylation with 4 mL of
[g-32P]ATP and 4 mL of T4 polynucleotide kinase using
standard procedures.29,30 The 50-end-labeled oligonu-
cleotides were recovered by ethanol precipitation and

Figure 2. Orbital contour plots of the HOMOs of 50-GG-30/50-CC-30 and 50-GG-30/H-CC-NH2 obtained by B3LYP/6-31G(d) calculation. The sugar
phosphate backbones and polypeptide backbones were replaced by methyl group.
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further purified by 15% nondenaturing gel electrophor-
esis and isolated by the crush and soak method.13

Cleavage of 32P-50-end-labeled ODNs by photoirradiation
in the presence of riboflavin

Sample solutions were prepared by hybridizing a mix-
ture of cold and radiolabeled oligonucleotides (DNA, 1

mM) with 1 mM of DNA 2a and 1 mM of DNA 3, PNA
3a or PNA 3b in sodium phosphate buffer (pH 7.0).
Hybridization was achieved by heating the sample at
90 �C for 5 min and slowly cooling to room tempera-
ture. The 32P-50-end-labeled ODN duplex (2.0�105

cpm) containing riboflavin was irradiated at 366 nm at
0 �C for 60 min. After irradiation, all reaction mixtures
were precipitated with addition of 10 mL of herring
sperm DNA (1 mg/mL), 10 mL of 3M sodium acetate
and 800 mL of ethanol. The precipitated DNA was
washed with 100 mL of 80% cold ethanol and then dried
in vacuo. The precipitated DNA was resolved in 50 mL
of 10% piperidine (v/v), heated at 90 �C for 20 min and
concentrated. The radioactivity of the samples was
assayed using an Aloka 1000 liquid scintillation counter
and the dried DNA pellets were resuspended in 80%
formamide loading buffer [a solution of 80% for-
mamide (v/v), 1 mM EDTA, 0.1% xylene cyanol and
0.1% bromophenol blue]. All reactions, along with
Maxam-Gilbert G+A sequencing reactions, were heat-
denatured at 90 �C for 3 min and quickly chilled on ice.
The samples (1–2 mL, 2–5�103 cpm) were loaded onto
15% of polyacrylamide/7M urea sequencing gels and
electrophoresed at 1900 V for 60 min and transferred to
a cassette and stored at �80 �C with Fuji X-ray film
(RX-U). The gels were analyzed by autoradiography
with a densitometer and BIORAD Molecular Analyst
software (version 2.1). The intensity of the spots result-
ing from piperidine treatment was determined by
volume integration.

Cleavage of 32P-50-end-labeled oligonucleotides by
photoirradiation in the presence of cyanobenzophenone
tethered oligodeoxynucleotides

Sample solutions were prepared by hybridizing a mix-
ture of cold and radiolabeled oligonucleotides (DNA 1,
1 mM) with 1 mM of DNA 2a and 1 mM of DNA 3, PNA
3a or PNA 3b) in sodium phosphate buffer (pH 7.0).
Hybridization was achieved by heating the sample at
90 �C for 5 min and slowly cooling to room tempera-
ture. The 32P-50-end-labeled ODN duplex (2.0�105

cpm) was irradiated at 312 nm at 0 �C for 60 min.
The operation after irradiation was the same manner
as described for the DNA cleavage experiment using
riboflavin.

Triplex samples were prepared by hybridizing a mixture
of cold and radiolabeled oligonucleotides (DNA 4a, 1
mM) with 1 mM of DNA 2b and 1 mM of DNA 5a and 5b
or 2 mM of PNA 5 in sodium phosphate buffer (pH 6.2).

HOMO calculations

All calculations were performed at the B3LYP/–1G(d)
level using GAUSSIAN94. Geometries of stacked base
pairs were constructed as follows.31,32 The correspond-
ing DNA duplex dimers were built up using the Insight
II program (Version 97.0) with standard B-form helical
parameters which have been optimized by X-ray crys-
tallographic analysis of relevant monomers and X-ray
diffraction data of polymers.33,34 The corresponding
PNA/DNA duplex dimers were built up using the

Figure 3. Autoradiograms of a denaturing gel electrophoresis for 32P-
50-end labeled DNA 4a after photooxidation of triplexes. 312 nm
photoirradiaton of triplexes containing cyanobenzophenone-sub-
stituted 20-deoxyuridine (X) incorporated into DNA 2b at 0 �C for 1 h
followed by hot piperidine treatment (90 �C, 20 min). Lanes 1–3, DNA
4a/(DNA 2b+DNA 5a+DNA 5b); lanes 4–6, DNA 4a/(DNA
2b+2�PNA 5); lane 7, Maxam-Gilbert G+A sequencing lane. The
arrows and italic numbers represent relative intensities of cleavage
bands obtained by densitometric analysis.
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Insight II program with helical parameters which have
been optimized by NMR analysis data of polymers.27

All the sugar backbones and peptide backbones of the
duplex were replaced by methyl group at the N1 (pyr-
imidine base) and N9 (purine base). HOMO of the cal-
culated dimers was displayed graphically using
Gaussian I/F.
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