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Abstract
Bent structures are formed in DNA by the binding of small molecules or proteins. We devel-

oped a chemical method to detect bent DNA structures. Oligonucleotide duplexes in which

two mercaptoalkyl groups were attached to the positions facing each other across the major

groove were prepared. When the duplex contained the cisplatin adduct, which was proved

to induce static helix bending, interstrand disulfide bond formation under an oxygen atmo-

sphere was detected by HPLC analyses, but not in the non-adducted duplex, when the two

thiol-tethered nucleosides were separated by six base pairs. When the insert was five and

seven base pairs, the disulfide bond was formed and was not formed, respectively, regard-

less of the cisplatin adduct formation. The same reaction was observed in the duplexes con-

taining an abasic site analog and the (6–4) photoproduct. Compared with the cisplatin case,

the disulfide bond formation was slower in these duplexes, but the reaction rate was nearly

independent of the linker length. These results indicate that dynamic structural changes of

the abasic site- and (6–4) photoproduct-containing duplexes could be detected by our meth-

od. It is strongly suggested that the UV-damaged DNA-binding protein, which specifically

binds these duplexes and functions at the first step of global-genome nucleotide excision re-

pair, recognizes the easily bendable nature of damaged DNA.

Introduction
DNA bending is observed in various processes of life. There are two types of DNA bends. One
is a smooth bend or curvature, such as the structure found in A-tract DNA [1]. The other is a
sharp bend including kinks, in which the stacking interaction between the two base pairs at the
junction is lost [2]. The latter DNA structure is formed by protein binding in the processes of
transcription [3] and DNA repair [4–6]. The TATA-binding protein (TBP), which is a subunit
of the general transcription factor TFIID, binds to the minor groove of the TATA
box sequence located upstream of the transcription start site, and induces a sharp kink in the
DNA [7, 8]. This preformed TBP–DNA complex structure is recognized by another

PLOSONE | DOI:10.1371/journal.pone.0117798 February 13, 2015 1 / 17

OPEN ACCESS

Citation: Fujita M, Watanabe S, Yoshizawa M,
Yamamoto J, Iwai S (2015) Analysis of Structural
Flexibility of Damaged DNA Using Thiol-Tethered
Oligonucleotide Duplexes. PLoS ONE 10(2):
e0117798. doi:10.1371/journal.pone.0117798

Academic Editor: Freddie Salsbury Jr, Wake Forest
University, UNITED STATES

Received: August 10, 2014

Accepted: December 31, 2014

Published: February 13, 2015

Copyright: © 2015 Fujita et al. This is an open
access article distributed under the terms of the
Creative Commons Attribution License, which permits
unrestricted use, distribution, and reproduction in any
medium, provided the original author and source are
credited.

Data Availability Statement: All relevant data are
within the paper and its Supporting Information files.

Funding: Grant-in-Aid for Scientific Research
(24310158) from Japan Society for the Promotion of
Science (http://www.jsps.go.jp/english/index.html) to
SI. The funder had no role in study design, data
collection and analysis, decision to publish, or
preparation of the manuscript.

Competing Interests: Grant-in-Aid for Scientific
Research (24310158) from Japan Society for the
Promotion of Science (http://www.jsps.go.jp/english/
index.html) to SI. The funder had no role in study

http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0117798&domain=pdf
http://creativecommons.org/licenses/by/4.0/
http://www.jsps.go.jp/english/index.html
http://www.jsps.go.jp/english/index.html
http://www.jsps.go.jp/english/index.html


transcription factor, TFIIB, in the initial steps of RNA polymerase recruitment for transcrip-
tion in eukaryotic cells [9]. The DNA glycosylases responsible for base excision repair (BER)
induce a helix kink, extrude the damaged base from the helix, and recognize its chemical struc-
ture by hydrogen bond formation at the substrate binding site, prior to the catalysis of the gly-
cosidic bond cleavage. Among the BER enzymes, human 8-oxoguanine DNA glycosylase
induces a very sharp bend at an angle of about 70°, as found in the crystal structure of its com-
plex with the substrate duplex [10]. This enzyme also induces a large bend (about 80°) in its
complex with undamaged DNA [11]. It was suggested that this bent structure is required to
flip the guanine and 8-oxoguanine for the extrahelical inspection of the damage [12].

DNA duplexes are generally straight in the absence of protein binding. However, a sharp
bend is induced when cisplatin (cis-diamminedichloroplatinum(II)), an anticancer drug, forms
an intrastrand cross-link between the two N7 atoms of adjacent guanine bases, as determined
by gel electrophoresis [13, 14], X-ray crystallography [15, 16], and NMR spectroscopy [17–19].
The reported bend angles ranged from 22° to 78°. In the crystal and NMR structures, the helix
bending occurred toward the major groove; i.e., to the direction in which the major and minor
grooves became narrow and wide, respectively, in the same manner as in protein-induced
bending. The bend angle depends on the calculation method, and varies greatly even when the
same structure is used [20]. Nevertheless, the cisplatin-adducted DNA is a rare example in
which non-protein bound, bent DNA structures were detected by various methods. Proteins
containing the high mobility group box recognize this unique structure of platinated DNA
[21].

Another type of DNA that potentially has an intrinsic bend in its structure is a duplex con-
taining an abasic site. The two base moieties flanking the abasic site can be brought close to
each other, and thus the major groove width may become narrower. However, helix bending
has not been observed in the structures of abasic site-containing duplexes determined by NMR
[22–27]. Although the structures exhibited minor differences, these duplexes generally retained
the B-form, with the unpaired base opposite the abasic site stacked in the helix and the abasic
site sugar in a range of intrahelical to extrahelical conformations. For a duplex containing 3-hy-
droxy-2-(hydroxymethyl)tetrahydrofuran, as a stable analog of the abasic site, a bent structure
with an angle of about 30° was reported [28]. However, hydrogen bonds between the opposite
thymine and the 5’-flanking cytosine were found in this duplex, and these interactions proba-
bly stabilized the bent structure, because a very small bend angle (about 10°) was reported for
another duplex containing the same abasic site analog in a different sequence context [29]. On
the other hand, several studies have suggested that the abasic site increases the flexibility of the
DNA duplex [30–33]. In one of them, the diffusion rate constants of oligonucleotide duplexes
containing several types of DNA lesions, including the abasic site, were determined by NMR
spectroscopy [30]. The diffusion rate obtained for a duplex containing the abasic site was inter-
mediate between those for the undamaged duplex and the single-stranded oligonucleotide, im-
plying that the loss of the base moiety considerably increased the flexibility of the duplex. The
other studies were performed by molecular mechanics calculations and molecular dynamics
simulations [31–33].

To our knowledge, there are very few experimental methods to investigate the flexibility or
bendability toward the major groove of a DNA duplex. To demonstrate such a property, rare
bent conformations in the dynamic DNA structures should be shown, although the average
conformations are usually obtained in structure studies. An electrophoretic method for the de-
tection of the DNA flexibility was reported in 1994 [34], but the flexible locus in this study was
an internal loop, which can be bent very easily in all directions. Recently, the dynamics between
the two helices in RNA with a trinucleotide bulge were analyzed by using NMR residual dipolar
couplings [35, 36], and a conformational ensemble of bulged DNA was determined by small-
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angle X-ray scattering interferometry, using gold nanocrystal probes [37]. However, the bent
structure is the major conformation of bulged duplexes, and thus these methods are not suit-
able for the analysis of the bendability of abasic site-containing duplexes, which are expected to
have an average structure similar to that of undamaged DNA. We recently collaborated with a
research group in the field of electrochemistry to analyze the helix bending in damaged DNA
[38], but static and dynamic bends could not be distinguished. In this article, we describe a
method to detect helix bending in DNA, using the formation of a disulfide bond between two
mercaptoalkyl groups attached to positions facing each other across the major groove in a du-
plex, as shown in Fig. 1. We applied this method to study the structures of DNA duplexes con-
taining the abasic site analog and the pyrimidine(6–4)pyrimidone photoproduct ((6–4)
photoproduct), and detected dynamic structural changes. Based on the results, the DNA recog-
nition mechanism of the UV-damaged DNA-binding (UV-DDB) protein is discussed.

Materials and Methods

Synthesis of oligonucleotides bearing the (tritylthio)alkyl group
The compounds shown in Fig. 2 were synthesized as described in S1–S4 Protocols. Oligonucle-
otides were synthesized on an Applied Biosystems 3400 DNA synthesizer, using reagents

Fig 1. Disulfide bond formation dependent on the helix bending of DNA. (A) Schematic presentation of
this study. Two mercaptoalkyl groups were attached to positions across the major groove of a duplex (left),
and a disulfide bond was formed when helix bending occurred into the major groove (right). (B) The chemical
structure of the thiol-tethered nucleoside. Another modified nucleoside bearing the 3-mercaptopropyl group
was also used. (C–E) The chemical structures of the cisplatin adduct (C), the abasic site analog (D), and the
(6–4) photoproduct (E).

doi:10.1371/journal.pone.0117798.g001
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purchased from Applied Biosystems and Glen Research. dSpacer CE Phosphoramidite (Glen
Research) was used to synthesize the oligonucleotides containing the abasic site analog. The
building blocks bearing the (tritylthio)alkyl group (5a and 5b) were dissolved at a 0.1 M
concentration in acetonitrile, and the reaction time was set to 20 min. After chain assembly,
cleavage from the solid support and removal of the cyanoethyl group were performed simulta-
neously, by a treatment with 28% ammonia water (2 ml) at room temperature for 1 h, and the
base protecting groups were removed by heating the ammoniac solution at 55°C for 6 h in a
sealed vial. Oligonucleotides containing the (6–4) photoproduct were synthesized using the
phosphoramidite building block described previously [39], using benzimidazolium triflate as
an activator [40], and after cleavage from the support, the protecting groups for the base moie-
ties were removed with ammonia water at room temperature for 3 h. The ammonia water was
removed by evaporation, and the residue was dissolved in water (1 ml). The oligonucleotides
were analyzed by HPLC on a Gilson gradient-type analytical system equipped with a Waters
2996 photodiode array detector, using a Waters μBondasphere C18 5μm 300A column (3.9 ×
150 mm) at a flow rate of 1.0 ml/min with a linear gradient of 18.5–32% acetonitrile in 0.1 M
triethylammonium acetate (TEAA, pH 7.0) over 20 min, at a column temperature of 60°C.
After HPLC purification using a Waters μBondasphere C18 15μm 300A column (7.8 × 300 mm)
at a flow rate of 2.0 ml/min, the eluate was concentrated on a rotary evaporator equipped with

Fig 2. Synthesis of building blocks for the incorporation of a mercaptoalkyl group into
oligonucleotides.

doi:10.1371/journal.pone.0117798.g002

Structural Flexibility of Damaged DNA

PLOSONE | DOI:10.1371/journal.pone.0117798 February 13, 2015 4 / 17



a vacuum pump, and TEAA was removed by co-evaporation with water. The amount of each
oligonucleotide was determined from its absorbance at 260 nm using the molecular extinction
coefficient calculated by the described method [41] (The UV absorption of the trityl group was
ignored). Aliquots of the oligonucleotides were analyzed by matrix-assisted laser desorption/
ionization time-of-flight (MALDI-TOF) mass spectrometry. The cisplatin adduct was formed
by incubating the oligonucleotide (360 nmol) with cis-diamminedichloroplatinum(II) (700
nmol) in water (300 μl) at 16°C for 3 days, and the product was purified by HPLC, in a manner
similar to that described above.

Analysis of the interstrand disulfide-bond formation
The oligonucleotide bearing the (tritylthio)alkyl group (0.5 A260 units) was dissolved in 10 mM
TEAA (50 μl), and was mixed with 0.1 M silver nitrate (7.5 μl). After 30 min, 0.1 M dithiothrei-
tol (DTT, 10 μl) was added, and the mixture was allowed to react for 15 min. The precipitate
was separated by centrifugation at 15,000 rpm for 15 min, washed with 10 mM TEAA (50 μl),
and separated again by centrifugation at 15,000 rpm for 5 min. The supernatant and the wash
solution were combined and applied to an illustra NAP 5 column (GE Healthcare). The depro-
tected oligonucleotide was eluted with water (950 μl), and then 0.1 M DTT (10 μl) was added.
The solutions of the two strands (0.5 nmol per each strand) were mixed, and the mixture was
dried in a Speed Vac concentrator. The residue was dissolved in 10 mM sodium phosphate
(pH 7.0, 40 μl), and after heating at 60°C for 2 min and cooling gradually to room temperature,
the solution was applied to an illustra NAP 5 column equilibrated with an oxygen-bubbled
buffer, containing 100 mMNaCl and 10 mM sodium phosphate (pH 7.0). Elution was per-
formed with the same buffer (700 μl), and the eluate was placed in a 4-ml vial (clear silanized
glass, National Scientific) with a rubber septum. Oxygen was bubbled through the solution for
2 min, and then an oxygen balloon was attached to the vial. After incubations at 23°C for the
reaction times indicated in the figures, HPLC analyses were performed on a Gilson gradient-
type analytical system equipped with a Waters 2996 photodiode array detector, using a Waters
μBondasphere C18 5μm 300A column (3.9 × 150 mm) at a flow rate of 1.0 ml/min with a linear
gradient of 5.0–18.5% acetonitrile in 0.1 M TEAA over 20 min, at a column temperature of
60°C. For the analyses of the (6–4) photoproduct-containing duplexes, a Waters XBridge C18
5μm column (4.6 × 150 mm) was used with a linear gradient of 7–16% acetonitrile. Since the
retention times slightly changed in every injection, with deviations within 1 min, the x-axis in
each chromatogram was adjusted by comparing the UV absorption spectra of the peaks and
deleting several data points between 0 and 5 min. The DTT treatment was performed by mix-
ing the sample solution (100 μl) with 0.1 M DTT (50 μl), followed by an incubation at 23°C for
12 h. The experiments were repeated three times to confirm the reproducibility.

Results

Synthesis of oligonucleotides bearing a mercaptoalkyl group
We intended to develop a method to detect the helix bending of DNA by the formation of a di-
sulfide bond, as shown in Fig. 1A, using the cisplatin-adducted duplex (Fig. 1C), which was
proved to be bent by several methods [13–19], as a model system. Since the adduct formation
bends the helix toward the direction in which the major groove becomes narrow [15–19], we
searched for the positions in the canonical B-form DNA that would become closer when this
type of structural change occurred, and found that the 2’ upper position could be a candidate.
If a mercaptoalkyl group was attached to this position, then this side chain should point toward
the complementary strand across the major groove. The 2’ lower position might have a prob-
lem of steric hindrance with the 3’ flanking nucleoside, and the other sugar protons were not
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located in the major groove. Therefore, we decided to prepare duplexes containing 2-O-(4-
mercaptobutyl)arabinofuranose as a sugar moiety (Fig. 1B), at a single site in each strand.
It should be noted that the sugar conformation of arabinonucleoside is the same as that of
2’-deoxyribonucleoside in a duplex [42].

Manoharan et al. reported the synthesis of oligonucleotides containing the 6-(tritylthio)
hexyl group attached to the 2’ hydroxyl function of adenosine [43, 44]. To obtain this modified
nucleoside, they preferentially alkylated the 2’-hydroxyl function of unprotected adenosine, by
the abstraction of the 2’-OH proton with sodium hydride followed by the reaction with bro-
moalkane. We applied this method to the alkylation of 9-(β-D-arabinofuranosyl)adenine (1),
as shown in Fig. 2. The reaction occurred preferentially at the 2’ position of this arabinose-
containing nucleoside analog, in the same manner as the ribonucleoside. As a byproduct, the
5’-O-alkyl derivative was obtained, while the side reaction was 3’-O-alkylation in the case of
the ribose [43, 44]. These alkylation positions were easily determined from the cross-peaks be-
tween the OH and CH protons at the C2’, C3’, and C5’ positions in the COSY spectra. Since
the 2’-O- and 5’-O-alkylation products could not be separated on a silica gel column, the de-
sired product was isolated by reversed-phase chromatography, although fractions containing
both of the products remained. The obtained compound, 9-[2-O-[4-(tritylthio)butyl]-β-D-
arabinofuranosyl]adenine (2a), was derivatized to a phosphoramidite building block (5a) in
three steps, as shown in Fig. 2, and oligonucleotides containing this modified nucleoside were
synthesized. To avoid the formation of non-specific disulfide bonds, the trityl group, which is
stable during the oligonucleotide deprotection steps and can be removed selectively with silver
nitrate, was kept on the mercapto function until the oligonucleotides were utilized.

Disulfide bond formation in cisplatin-adducted duplexes
The duplexes used for the analysis of the structure-dependent disulfide bond formation are
shown in Fig. 3. Considering that the cisplatin adduct should be prepared at the GG site after
the oligonucleotide synthesis, the sequence of the 20-base-pair (bp) duplex was designed to
contain guanine only at the central GG in the top strand, and the modification with the 4-mer-
captobutyl group in the cisplatin-containing strand was placed at the 7th nucleoside from the
5’ end. When a line parallel to the helix axis was drawn from the sugar moiety of this modified
nucleoside across the major groove in B-form DNA, it reached the nucleoside that base-paired
with the 6th nucleoside in the 3’ direction from the first modification site (Fig. 4A). Therefore,
duplexes with a 5 bp insert between the two mercaptobutyl-attached nucleoside analogs were
designed (GG-5 and Pt-5 in Fig. 3). Since unwinding at the cisplatin adduct site was reported
in the NMR structure [18], duplexes with longer inserts in the same sequence context (GG-6,
Pt-6, GG-7, and Pt-7) were also designed, to adjust the phase of the helix and to change the dis-
tance between the SH groups.

After the preparation of the oligonucleotides containing the 4-(tritylthio)butyl group with
and without cisplatin, the following procedures were performed prior to the disulfide bond for-
mation: deprotection of the mercapto function with silver nitrate, removal of the silver nitrate
by gel filtration, duplex formation in the presence of DTT, and removal of the DTT by gel fil-
tration. The second gel filtration step was the starting point of the reaction for the formation of
the interstrand disulfide bond, which was analyzed by reversed-phase HPLC under heat-dena-
turing conditions. We expected that the product with an interstrand cross-link would be de-
tected as a new peak, which would be converted to the two peaks of the original SH-containing
oligonucleotides by the addition of a reducing agent. In our preliminary experiments, solutions
of the duplexes were prepared, as described above, and aliquots were analyzed by HPLC at one
day intervals. A new peak, which disappeared by the addition of DTT, was detected for GG-5,
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Fig 3. HPLC analysis of disulfide bond formation in duplexes containing the cisplatin adduct. (A–F) Chromatograms of the duplexes, in which ×
represents cisplatin, after the reactions for the indicated length of time. The y-axis of each chromatogram was normalized. The cross-linked products and the
sulfinic acid-containing oligonucleotides are indicated by an arrow and an asterisk, respectively, and the results of the DTT treatment of the products are
shown in red. (G) Comparison of the product formation between GG-6 and Pt-6. The product peak areas in panelsB and Ewere quantified.

doi:10.1371/journal.pone.0117798.g003
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Pt-5, and Pt-6. However, the reaction occurred very slowly, and the results could not be repro-
duced accurately. We focused on the dissolved oxygen (DO), which is required for disulfide
bond formation, and tried to accelerate the reaction by increasing its concentration. Measure-
ments of the DO concentration in the solution revealed that a high DO concentration (about
400% of DO at ambient atmospheric pressure) could be maintained by bubbling oxygen gas
through the solution and attaching an oxygen balloon to the sealed vial. Under this oxygen at-
mosphere, both the reaction rate and its reproducibility were improved to great extents.

In the experiments using the duplexes containing the 5 bp insert (GG-5 and Pt-5), a new
peak appeared immediately after the removal of DTT from the solution, and the starting mate-
rials were completely converted to this product within 30 min (Fig. 3A and D). The product
peaks were reverted to the original peaks by the addition of DTT. This result demonstrated
that the reaction that occurred in these duplexes was the interstrand disulfide bond formation.
In the experiments using the duplexes containing one more base pair between the thiol-teth-
ered arabinonucleosides (GG-6 and Pt-6), different results were obtained in the presence and
absence of cisplatin (Fig. 3B and E). The results with Pt-6 were similar to those with GG-5 and
Pt-5, but the disulfide bond formation in GG-6 was extremely slow (Fig. 3G). Instead, one of
the original peaks, which was identified as the top strand of GG-6, shifted to another peak with
a shorter retention time, as indicated by an asterisk in Fig. 3B, while the other peak did not
change. This product was isolated and analyzed by MALDI-TOF mass spectrometry, and the
obtainedm/z value (6106.08) was larger by 32 than that calculated for the top strand of GG-6
(6074.03). This result suggested that the product contained sulfinic acid (-SO2H), which was
derived from the oxidation of the mercapto function. When the mercaptobutyl groups were
separated by the 7 bp insert (GG-7 and Pt-7), this oxidation product was primarily formed,
and the interstrand disulfide bond was not formed efficiently even in the presence of the cis-
platin adduct (Fig. 3C and F).

Fig 4. Structures of the B-form (A) and cisplatin-induced bent (B) DNA duplexes. The duplexes with the PDB codes of 2K0V and 1A84 are shown. The
distances between the C2’ atoms of the modified nucleosides were calculated using the PyMOL 1.7.1 software.

doi:10.1371/journal.pone.0117798.g004
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Analysis of the abasic site- and (6–4) photoproduct-containing duplexes
The same experiments were performed using duplexes containing the stable abasic site analog,
3-hydroxy-2-(hydroxymethyl)tetrahydrofuran (Fig. 1D). As shown in Fig. 5A, two product
peaks were detected in the analyses at 1 h intervals. The product that yielded a peak with a lon-
ger retention time (about 13 min, indicated by an arrow) was generated at a higher rate than
the product that eluted faster (at about 11 min). This slow-eluting compound, which yielded
the largest peak when one of the starting oligonucleotides was exhausted, was assigned to the
cross-linked duplex containing the interstrand disulfide bond, because its peak was reverted to
the peaks of the starting materials by the addition of DTT. The other product, indicated by an
asterisk in Fig. 5A, was the sulfinic acid-containing oligonucleotide derived from the top
strand, which was obtained similarly with GG-6, GG-7, and Pt-7 (Fig. 3). At 6 h after the DTT
removal, the top strand was consumed almost completely to yield the two products, while the
bottom strand remained. The results of the experiments using duplexes with different numbers
of inserted base pairs (AP-5 and AP-7, S1A and B Fig.) were similar to those obtained with Pt-
5 and Pt-7 (Fig. 3D and F), respectively, although the disulfide bond formation in AP-5 was
slower than that in Pt-5.

An NMR study revealed that the local sequence context influenced the structure of the aba-
sic site-containing DNA [27]. The conformation around the abasic site was more perturbed
when the opposite base was a pyrimidine than a purine. Therefore, we tested a duplex contain-
ing A opposite the abasic site (Fig. 5B). The results were similar to those of the duplex contain-
ing T, but the formation of the cross-linked product was slower (Fig. 5D).

To obtain further information, we synthesized a building block of 9-(β-D-arabinofuranosyl)
adenine bearing the 3-(tritylthio)propyl group (5b), and incorporated it into oligonucleotides.
The duplex consisting of these oligonucleotides contained the 3-mercaptopropyl group, which
was shorter by one carbon unit than the above-mentioned 4-mercaptobutyl group, in each
strand. The results (Fig. 5C) were very similar to those obtained with the 4-mercaptobutyl
counterpart (Fig. 5A). Experiments using the cisplatin-adducted duplex bearing the 3-mercap-
topropyl groups were also performed (Fig. 5E). It should be noted that the length of the alkyl
group affected the rate of the disulfide bond formation, in the case of the cisplatin adduct (Figs.
3E and 5E). Although the sequences were different, a similar dependency of the reaction rate
on the alkyl chain length was observed for the 5 and 6 bp-inserted duplexes without the cisplat-
in adduct or the abasic site analog (Fig. 3A and S2A Fig. for 5 bp, and Figs. 3B and 5F for 6 bp),
while there was no difference between the 7 bp-inserted duplexes that did not yield the desired
product peak (Fig. 3C and S2B Fig.). Therefore, the result that similar reaction rates were ob-
served for the abasic site, regardless of the alkyl chain lengths, was very distinguishing.

Our previous study showed that the human UV-DDB protein recognizes DNA containing
the abasic site analog (Fig. 1D) and the (6–4) photoproduct (Fig. 1E), which is one of the major
UV-induced lesions, in the same manner [45], and we have been interested in the structural
similarity between these two types of damaged DNA. Therefore, the structural properties of the
duplex containing the (6–4) photoproduct were investigated. The sequence of the duplex was
slightly changed from that used for the abasic site analog, as shown in Fig. 6, to avoid a long
stretch of A, and the HPLC column was also changed to separate the two strands constituting
the 64–6 duplex. As shown in Fig. 6A and B, and S1C and D Fig., the results were almost the
same as those obtained with the duplexes containing the abasic site analog (Fig. 5A and C, S1A
and B Fig.). As observed for the abasic site analog, there was no distinct difference between the
duplexes containing the butyl and propyl linkers (Fig. 7).
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Fig 5. HPLC analysis of disulfide bond formation in duplexes containing the abasic site analog. (A, B, C, E, and F) Chromatograms of the duplexes, in
which X represents the abasic site analog, after the reactions for the indicated length of time. C4 and C3 represent the 4-mercaptobutyl and 3-mercaptopropyl
groups, respectively. The y-axis of each chromatogram was normalized. The cross-linked products and the sulfinic acid-containing oligonucleotides are
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Discussion
In this study, we first developed a chemical method to detect the helix bending of DNA. The in-
terstrand disulfide bond formation was successfully utilized to detect the bent structure of the
oligonucleotide duplexes. When the 4-mercaptobutyl groups were separated by a 6 bp insert
across the major groove (GG-6 and Pt-6 in Fig. 3), a disulfide bond was formed only when the
duplex contained the cisplatin adduct. There are two factors that should be taken into account.
One is the phase of the helix, and the other is the distance across the major groove. Although
the cisplatin adduct formation reportedly unwinds the helix [18], its angle (25°) is smaller than
the rotation between the adjacent base pairs in B-form DNA (36°), and the mercaptoalkyl
group is flexible. Therefore, the distance between the C2’ positions of the two alkylated arabi-
nonucleosides is important in the present method. Correspondingly, the results obtained for
the duplexes containing the 5 bp and 7 bp inserts indicated that the distances between the two
modified nucleosides in these duplexes were simply too short and too long, respectively, to

indicated by an arrow and an asterisk, respectively, and the results of the DTT treatment of the products are shown in red. (D) Comparison of the product
formation between AP-6 (C4) and AP�A-6 (C4). The product peak areas in panelsA andB were quantified.

doi:10.1371/journal.pone.0117798.g005

Fig 6. HPLC analysis of disulfide bond formation in duplexes containing the (6–4) photoproduct.C4
and C3 represent the 4-mercaptobutyl and 3-mercaptopropyl groups, respectively. The y-axis of each
chromatogram was normalized. The cross-linked products are indicated by an arrow, and the results of the
DTT treatment of the products are shown in red.

doi:10.1371/journal.pone.0117798.g006

Structural Flexibility of Damaged DNA

PLOSONE | DOI:10.1371/journal.pone.0117798 February 13, 2015 11 / 17



detect the structural difference. The B-form and cisplatin-adducted duplex structures and the
calculated distances between the C2’ atoms of the modified nucleosides are shown in Fig. 4.
The bend angle of the duplex containing the cisplatin adduct (Fig. 4B) is reportedly 78° [18].
The distance between the C2’ and sulfur atoms in the modified nucleoside is 0.76 nm when the
4-mercaptobutyl group is stretched. Although there may be structural fluctuations, the above
discussion is supported by this value and the distances shown in Fig. 4.

For the duplexes in which the disulfide bond was not formed (GG-6, GG-7, and Pt-7), an-
other type of product was detected, and the mass analysis revealed that the mercapto function
in the top strand was oxidized to sulfinic acid. On the other hand, the mercapto function in the
bottom strand was not oxidized. This observation suggested that the oxidation to the sulfinic
acid depended on the sequence around the mercaptoalkyl group. The modified nucleoside in
the top strand was located between two C�G pairs, while that in the bottom strand was not
flanked by either a C�G or G�C pair. Since the guanine base has the lowest oxidation potential
among the four nucleobases [46], it is presumed that the mercapto function in the top strand
was oxidized more easily due to the presence of the neighboring guanine bases, which could be
oxidized to radical cations. We confirmed that the oxidation pattern was changed, by altering
the sequences around the modified nucleosides (S3 Fig.).

The same types of experiments were performed with duplexes containing a stable abasic site
analog, and the results were comparable to those obtained for the cisplatin adducted duplexes,

Fig 7. Effect of the linker length on the rate of the disulfide bond formation. (A) Pt-6 (C4) (open circles) and Pt-6 (C3) (filled circles); (B) AP-6 (C4) (open
squares) and AP-6 (C3) (filled squares); (C) 64–6 (C4) (open triangles) and 64–6 (C3) (filled triangles). The dashed and continuous lines represent the
decrease of the starting materials and the increase of the cross-linked products, respectively, and the standard errors are shown. The curve fitting was
performed with the Origin 9.1 software, and the kinetic constants for the product formation are listed in Table 1.

doi:10.1371/journal.pone.0117798.g007

Table 1. Kinetic constants for the product formation.

Duplex k (h–1)

Pt-6 (C4) 2.399

Pt-6 (C3) 0.595

AP-6 (C4) 0.585

AP-6 (C3) 0.307

64–6 (C4) 0.459

64–6 (C3) 0.315

doi:10.1371/journal.pone.0117798.t001
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although the rate of disulfide bond formation was slower. When the length of the alkyl groups
was changed from four carbons to three, very similar results were obtained for the duplexes
containing the abasic site analog (Fig. 5A and C, and Fig. 7B), whereas in the case of the cisplat-
in adduct, the reaction rate was reduced by shortening the alkyl chains (Figs. 3E, 5E, and 7A,
Table 1). Recently, Chiba et al. reported that their electrochemical analysis demonstrated the
helix bending in duplexes containing several types of DNA lesions including the same abasic
site analog [38]. Their study supports the idea that the disulfide bond was formed depending
on the helix bending in our study. In addition, we determined the bent structure of the cross-
linked duplex by NMR, although the results will be published elsewhere. The finding that the
duplexes with the butyl and propyl linkers yielded very similar results (Fig. 7B) indicated a dy-
namic structural change in the abasic site-containing duplex, as contrasted with the static
bending observed for the cisplatin-adducted duplex in which the linker length affected the rate
of the disulfide bond formation (Fig. 7A, Table 1). In other words, the duplex containing an
abasic site dynamically fluctuates between the straight and bent structures, although the major-
ity of the duplexes are in the straight form, and the bent conformation was captured by the di-
sulfide bond formation.

We further applied our method to the duplexes containing the (6–4) photoproduct, which
is formed between two adjacent pyrimidine bases by exposure to UV light. Two inconsistent
structures were reported for the duplex containing the (6–4) photoproduct. Kim and Choi re-
ported an NMR structure with a large helix bend [47], while an unrestrained molecular dynam-
ics analysis [48] and our study using fluorescence resonance energy transfer [49], which were
subsequently conducted to verify the NMR structure, revealed significantly smaller or no bend-
ing. In the present study, the results obtained with the duplexes containing the (6–4) photo-
product were similar to those acquired with the duplexes containing the abasic site analog,
rather than those containing the cisplatin adduct (Fig. 7, Table 1). This observation supports
the unbent structure as the average conformation of the (6–4) photoproduct-containing du-
plex, and indicates that the photoproduct formation makes the duplex flexible. The positional
shift of the 3’ component of the (6–4) photoproduct, which is linked orthogonally to the 5’ base
(Fig. 1E), could be important for the similarity to the abasic site. The UV-DDB protein recog-
nizes the UV-induced lesions in DNA at the first step of the global-genome nucleotide excision
repair pathway in eukaryotic cells. Although the DNA recognition mechanism of the UV-DDB
protein has not been elucidated, this protein has high affinity for the duplexes containing the
(6–4) photoproduct and the abasic site analog, while its affinity for the cisplatin-adducted du-
plex is much lower [45], and large helix bending was found in the protein–DNA complex [45,
50]. Since no interaction was found between the damaged base and the protein in the crystal
structure of the complex [50], some physical property of the damaged DNA must be recog-
nized by this protein. The results in this study strongly suggest that the UV-DDB protein
searches for the structural flexibility induced by the DNA damage, and specifically binds to the
site where helix bending occurs easily.

We developed a chemical method to detect the static and dynamic bending of DNA. A
unique feature of this method is that the dynamic structural change or the flexibility of DNA
can be determined by capturing the rare bent conformation of the helix. Using this method, we
detected the structural flexibility of the duplexes containing the abasic site analog and the (6–4)
photoproduct, and proposed the DNA recognition mechanism of the UV-DDB protein. Since
bent DNA structures have been found in many protein–DNA complexes, our present study
will contribute toward the elucidation of the molecular mechanisms of various biological pro-
cesses involving protein–DNA interactions.

Structural Flexibility of Damaged DNA

PLOSONE | DOI:10.1371/journal.pone.0117798 February 13, 2015 13 / 17



Supporting Information
S1 Fig. HPLC analysis of disulfide bond formation in duplexes containing the abasic site
analog (A and B) and the (6–4) photoproduct (C and D) with the 4-mercaptobutyl groups.
The y-axis of each chromatogram was normalized. The oligonucleotides containing sulfinic
acid are indicated by an asterisk, and the results of the DTT treatment are shown in red.
(TIF)

S2 Fig. HPLC analysis of disulfide bond formation in duplexes containing 2’-deoxyadeno-
sine instead of the abasic site analog with the 3-mercaptopropyl groups. The y-axis of each
chromatogram was normalized. The cross-linked products and the sulfinic acid-containing oli-
gonucleotides are indicated by an arrow and an asterisk, respectively, and the result of the DTT
treatment is shown in red.
(TIF)

S3 Fig. HPLC analysis of the oxidation of the mercapto group in a different sequence. The
peaks of the starting oligonucleotides were assigned by co-injection. The product had the same
UV absorption spectrum as the bottom strand.
(TIF)

S1 Protocol. Synthesis of 9-[2-O-[4-(tritylthio)butyl]-β-D-arabinofuranosyl]adenine (2a)
and 9-[2-O-[3-(tritylthio)propyl]-β-D-arabinofuranosyl]adenine (2b).
(DOCX)

S2 Protocol. Synthesis of 6-N-benzoyl-9-[2-O-[4-(tritylthio)butyl]-β-D-arabinofuranosyl]
adenine (3a) and 6-N-benzoyl-9-[2-O-[3-(tritylthio)propyl]-β-D-arabinofuranosyl]adenine
(3b).
(DOCX)

S3 Protocol. Synthesis of 6-N-benzoyl-9-[5-O-(4,4'-dimethoxytrityl)-2-O-[4-(tritylthio)
butyl]-β-D-arabinofuranosyl]adenine (4a) and 6-N-benzoyl-9-[5-O-(4,4'-dimethoxytrityl)-
2-O-[3-(tritylthio)propyl]-β-D-arabinofuranosyl]adenine (4b).
(DOCX)

S4 Protocol. Synthesis of 6-N-benzoyl-9-[5-O-(4,4'-dimethoxytrityl)-3-O-[[bis(1-methy-
lethyl)amino](2-cyanoethoxy)phosphino]-2-O-[4-(tritylthio)butyl]-β-D-arabinofuranosyl]
adenine (5a) and 6-N-benzoyl-9-[5-O-(4,4'-dimethoxytrityl)-3-O-[[bis(1-methylethyl)
amino](2-cyanoethoxy)phosphino]-2-O-[3-(tritylthio)propyl]-β-D-arabinofuranosyl]ade-
nine (5b).
(DOCX)

Author Contributions
Conceived and designed the experiments: SI. Performed the experiments: MF SWMY. Ana-
lyzed the data: MF SW JY SI. Contributed reagents/materials/analysis tools: JY. Wrote the
paper: SI.

References
1. WuHM, Crothers DM (1984) The locus of sequence-directed and protein-induced DNA bending. Na-

ture 308: 509–513. PMID: 6323997

2. Crick FHC, Klug A (1975) Kinky helix. Nature 255: 530–533. PMID: 1095931

3. Werner MH, Gronenborn AM, Clore GM (1996) Intercalation, DNA kinking, and the control of transcrip-
tion. Science 271: 778–784. PMID: 8628992

Structural Flexibility of Damaged DNA

PLOSONE | DOI:10.1371/journal.pone.0117798 February 13, 2015 14 / 17

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0117798.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0117798.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0117798.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0117798.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0117798.s005
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0117798.s006
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0117798.s007
http://www.ncbi.nlm.nih.gov/pubmed/6323997
http://www.ncbi.nlm.nih.gov/pubmed/1095931
http://www.ncbi.nlm.nih.gov/pubmed/8628992


4. YangW (2006) Poor base stacking at DNA lesions may initiate recognition by many repair proteins.
DNA Repair 5: 654–666. PMID: 16574501

5. Tubbs JL, Tainer JA (2010) Alkyltransferase-like proteins: molecular switches between DNA repair
pathways. Cell Mol Life Sci 67: 3749–3762. doi: 10.1007/s00018-010-0405-8 PMID: 20502938

6. Tsutakawa SE, Tainer JA (2012) Double strand binding–single strand incision mechanism for human
flap endonuclease: implications for the superfamily. Mech Ageing Dev 133: 195–202. doi: 10.1016/j.
mad.2011.11.009 PMID: 22244820

7. Kim JL, Nikolov DB, Burley SK (1993) Co-crystal structure of TBP recognizing the minor groove of a
TATA element. Nature 365: 520–527. PMID: 8413605

8. Blair RH, Goodrich JA, Kugel JF (2012) Single-molecule fluorescence resonance energy transfer
shows uniformity in TATA binding protein-induced DNA bending and heterogeneity in bending kinetics.
Biochemistry 51: 7444–7455. doi: 10.1021/bi300491j PMID: 22934924

9. Nikolov DB, Chen H, Halay ED, Usheva AA, Hisatake K, et al. (1995) Crystal structure of a TFIIB–TBP–
TATA-element ternary complex. Nature 377: 119–128. PMID: 7675079

10. Bruner SD, Norman DPG, Verdine GL (2000) Structural basis for recognition and repair of the endoge-
nous mutagen 8-oxoguanine in DNA. Nature 403: 859–866. PMID: 10706276

11. Banerjee A, YangW, Karplus M, Verdine GL (2005) Structure of a repair enzyme interrogating undam-
aged DNA elucidates recognition of damaged DNA. Nature 434: 612–618. PMID: 15800616

12. Friedman JI, Stivers JT (2010) Detection of damaged DNA bases by DNA glycosylase enzymes. Bio-
chemistry 49: 4957–4967. doi: 10.1021/bi100593a PMID: 20469926

13. Rice JA, Crothers DM, Pinto AL, Lippard SJ (1988) The major adduct of the antitumor drug cis-diammi-
nedichloroplatinum(II) with DNA bends the duplex by�40° toward the major groove. Proc Natl Acad
Sci USA 85: 4158–4161. PMID: 3380785

14. Bellon SF, Lippard SJ (1990) Bending studies of DNA site-specifically modified by cisplatin, trans-dia-
mminedichloroplatinum(II) and cis-[Pt(NH3)2(N3-cytosine)Cl]

+. Biophys Chem 35: 179–188. PMID:
2397272

15. Takahara PM, Rosenzweig AC, Frederick CA, Lippard SJ (1995) Crystal structure of double-stranded
DNA containing the major adduct of the anticancer drug cisplatin. Nature 377: 649–652. PMID:
7566180

16. Todd RC, Lippard SJ (2010) Structure of duplex DNA containing the cisplatin 1,2-{Pt(NH3)2}
2+-d(GpG)

cross-link at 1.77 Å resolution. J Inorg Biochem 104: 902–908. doi: 10.1016/j.jinorgbio.2010.04.005
PMID: 20541266

17. Yang D, van Boom SSGE, Reedijk J, van Boom JH, Wang AHJ (1995) Structure and isomerization of
an intrastrand cisplatin-cross-linked octamer DNA duplex by NMR analysis. Biochemistry 34: 12912–
12920. PMID: 7548048

18. Gelasco A, Lippard SJ (1998) NMR solution structure of a DNA dodecamer duplex containing a cis-dia-
mmineplatinum(II) d(GpG) intrastrand cross-link, the major adduct of the anticancer drug cisplatin. Bio-
chemistry 37: 9230–9239. PMID: 9649303

19. Wu Y, Bhattacharyya D, King CL, Baskerville-Abraham I, Huh SH, et al. (2007) Solution structure of a
DNA dodecamer duplex with and without a cisplatin 1,2-d(GG) intrastrand cross-link: Comparison with
the same DNA duplex containing an oxaliplatin 1,2-d(GG) intrastrand cross-link. Biochemistry 46:
6477–6487. PMID: 17497831

20. Spingler B, Whittington DA, Lippard SJ (2001) 2.4 Å crystal structure of an oxaliplatin 1,2-d(GpG) intras-
trand cross-link in a DNA dodecamer duplex. Inorg Chem 40: 5596–5602. PMID: 11599959

21. Park S, Lippard SJ (2012) Binding interaction of HMGB4 with cisplatin-modified DNA. Biochemistry 51:
6728–6737. PMID: 22901013

22. Goljer I, Kumar S, Bolton PH (1995) Refined solution structure of a DNA heteroduplex containing an al-
dehydic abasic site. J Biol Chem 270: 22980–22987. PMID: 7559436

23. Wang KY, Parker SA, Goljer I, Bolton PH (1997) Solution structure of a duplex DNA with an abasic site
in a dA tract. Biochemistry 36: 11629–11639. PMID: 9305952

24. Beger RD, Bolton PH (1998) Structures of apurinic and apyrimidinic sites in duplex DNAs. J Biol Chem
273: 15565–15573. PMID: 9624147

25. Hoehn ST, Turner CJ, Stubbe J (2001) Solution structure of an oligonucleotide containing an abasic
site: Evidence for an unusual deoxyribose conformation. Nucleic Acids Res 29: 3413–3423. PMID:
11504879

26. Chen J, Dupradeau FY, Case DA, Turner CJ, Stubbe J (2007) Nuclear magnetic resonance structural
studies and molecular modeling of duplex DNA containing normal and 4’-oxidized abasic sites. Bio-
chemistry 46: 3096–3107. PMID: 17323932

Structural Flexibility of Damaged DNA

PLOSONE | DOI:10.1371/journal.pone.0117798 February 13, 2015 15 / 17

http://www.ncbi.nlm.nih.gov/pubmed/16574501
http://dx.doi.org/10.1007/s00018-010-0405-8
http://www.ncbi.nlm.nih.gov/pubmed/20502938
http://dx.doi.org/10.1016/j.mad.2011.11.009
http://dx.doi.org/10.1016/j.mad.2011.11.009
http://www.ncbi.nlm.nih.gov/pubmed/22244820
http://www.ncbi.nlm.nih.gov/pubmed/8413605
http://dx.doi.org/10.1021/bi300491j
http://www.ncbi.nlm.nih.gov/pubmed/22934924
http://www.ncbi.nlm.nih.gov/pubmed/7675079
http://www.ncbi.nlm.nih.gov/pubmed/10706276
http://www.ncbi.nlm.nih.gov/pubmed/15800616
http://dx.doi.org/10.1021/bi100593a
http://www.ncbi.nlm.nih.gov/pubmed/20469926
http://www.ncbi.nlm.nih.gov/pubmed/3380785
http://www.ncbi.nlm.nih.gov/pubmed/2397272
http://www.ncbi.nlm.nih.gov/pubmed/7566180
http://dx.doi.org/10.1016/j.jinorgbio.2010.04.005
http://www.ncbi.nlm.nih.gov/pubmed/20541266
http://www.ncbi.nlm.nih.gov/pubmed/7548048
http://www.ncbi.nlm.nih.gov/pubmed/9649303
http://www.ncbi.nlm.nih.gov/pubmed/17497831
http://www.ncbi.nlm.nih.gov/pubmed/11599959
http://www.ncbi.nlm.nih.gov/pubmed/22901013
http://www.ncbi.nlm.nih.gov/pubmed/7559436
http://www.ncbi.nlm.nih.gov/pubmed/9305952
http://www.ncbi.nlm.nih.gov/pubmed/9624147
http://www.ncbi.nlm.nih.gov/pubmed/11504879
http://www.ncbi.nlm.nih.gov/pubmed/17323932


27. Chen J, Dupradeau FY, Case DA, Turner CJ, Stubbe J (2008) DNA oligonucleotides with A, T, G or C
opposite an abasic site: Structure and dynamics. Nucleic Acids Res 36: 253–262. PMID: 18025040

28. Coppel Y, Berthet N, Coulombeau C, Coulombeau C, Garcia J, et al. (1997) Solution conformation of
an abasic DNA undecamer duplex d(CGCACXCACGC) � d(GCGTGTGTGCG): The unpaired thymine
stacks inside the helix. Biochemistry 36: 4817–4830. PMID: 9125502

29. Cline SD, JonesWR, Stone MP, Osheroff N (1999) DNA abasic lesions in a different light: Solution
structure of an endogenous topoisomerase II poison. Biochemistry 38: 15500–15507. PMID:
10569932

30. Marathias VM, Jerkovic B, Bolton PH (1999) Damage increases the flexibility of duplex DNA. Nucleic
Acids Res 27: 1854–1858. PMID: 10101193

31. Ayadi L, Coulombeau C, Lavery R (2000) The impact of abasic sites on DNA flexibility. J Biomol Struct
Dyn 17: 645–653. PMID: 10698102

32. Barsky D, Foloppe N, Ahmadia S, Wilson DM, MacKerell AD (2000) New insights into the structure of
abasic DNA frommolecular dynamics simulations. Nucleic Acids Res 28: 2613–2626. PMID:
10871413

33. Curuksu J, Zakrzewska K, Zacharias M (2008) Magnitude and direction of DNA bending induced by
screw-axis orientation: Influence of sequence, mismatches and abasic sites. Nucleic Acids Res 36:
2268–2283. doi: 10.1093/nar/gkm1135 PMID: 18287117

34. Kahn JD, Yun E, Crothers DM (1994) Detection of localized DNA flexibility. Nature 368: 163–166.
PMID: 8139661

35. Zhang Q, Stelzer AC, Fisher CK, Al-Hashimi HM (2007) Visualizing spatially correlated dynamics that
directs RNA conformational transitions. Nature 450: 1263–1267. PMID: 18097416

36. Salmon L, BascomG, Andricioaei I, Al-Hashimi HM (2013) A general method for constructing atomic-
resolution RNA ensembles using NMR residual dipolar couplings: The basis for interhelical motions re-
vealed. J Am Chem Soc 135: 5457–5466. doi: 10.1021/ja400920w PMID: 23473378

37. Shi X, Beauchamp KA, Harbury PB, Herschlag D (2014) From a structural average to the conformation-
al ensemble of a DNA bulge. Proc Natl Acad Sci USA 111: E1473–E1480. doi: 10.1073/pnas.
1317032111 PMID: 24706812

38. Chiba J, Aoki S, Yamamoto J, Iwai S, Inouye M (2014) Deformable nature of various damaged DNA du-
plexes estimated by an electrochemical analysis on electrodes. Chem Commun 50: 11126–11128.
doi: 10.1039/c4cc04513k PMID: 25105179

39. Iwai S, Shimizu M, Kamiya H, Ohtsuka E (1996) Synthesis of a phosphoramidite coupling unit of the py-
rimidine (6–4) pyrimidone photoproduct and its incorporation into oligodeoxynucleotides. J Am Chem
Soc 118: 7642–7643.

40. Iwai S, Mizukoshi T, Fujiwara Y, Masutani C, Hanaoka F, et al. (1999) Benzimidazolium triflate-activat-
ed synthesis of (6–4) photoproduct-containing oligonucleotides and its application. Nucleic Acids Res
27: 2299–2303. PMID: 10325417

41. Borer PN (1975) Optical properties of nucleic acids. In Fasman GD, editor. Handbook of Biochemistry
and Molecular Biology, 3rd Ed., Nucleic Acids. Cleveland: CRC Press. Vol. 1, pp. 589.

42. Noronha AM, Wilds CJ, Lok CN, Viazovkina K, Arion D, et al. (2000) Synthesis and biophysical proper-
ties of arabinonucleic acids (ANA): Circular dichroic spectra, melting temperatures, and ribonuclease H
susceptibility of ANA�RNA hybrid duplexes. Biochemistry 39: 7050–7062. PMID: 10852702

43. Manoharan M, Johnson LK, Tivel KL, Springer RH, Cook PD (1993) Introduction of a lipophilic thioether
tether in the minor groove of nucleic acids for antisense applications. Bioorg Med Chem Lett 3: 2765–
2770.

44. Manoharan M, Tivel KL, Ross B, Cook PD (1994) A 2’-O-thiol tether in the ribose moiety of nucleic
acids for conjugation chemistry. Gene 149: 147–156. PMID: 7958979

45. Fujiwara Y, Masutani C, Mizukoshi T, Kondo J, Hanaoka F, et al. (1999) Characterization of DNA recog-
nition by the human UV-damaged DNA-binding protein. J Biol Chem 274: 20027–20033. PMID:
10391953

46. Steenken S, Jovanovic SV (1997) How easily oxidizable is DNA? One-electron reduction potentials of
adenosine and guanosine radicals in aqueous solution. J Am Chem Soc 119: 617–618.

47. Kim JK, Choi BS (1995) The solution structure of DNA duplex-decamer containing the (6–4) photoprod-
uct of thymidylyl(3’!5’)thymidine by NMR and relaxation matrix refinement. Eur J Biochem 228: 849–
854. PMID: 7737185

48. Spector TI, Cheatham TE, Kollman PA (1997) Unrestrained molecular dynamics of photodamaged
DNA in aqueous solution. J Am Chem Soc 119: 7095–7104.

Structural Flexibility of Damaged DNA

PLOSONE | DOI:10.1371/journal.pone.0117798 February 13, 2015 16 / 17

http://www.ncbi.nlm.nih.gov/pubmed/18025040
http://www.ncbi.nlm.nih.gov/pubmed/9125502
http://www.ncbi.nlm.nih.gov/pubmed/10569932
http://www.ncbi.nlm.nih.gov/pubmed/10101193
http://www.ncbi.nlm.nih.gov/pubmed/10698102
http://www.ncbi.nlm.nih.gov/pubmed/10871413
http://dx.doi.org/10.1093/nar/gkm1135
http://www.ncbi.nlm.nih.gov/pubmed/18287117
http://www.ncbi.nlm.nih.gov/pubmed/8139661
http://www.ncbi.nlm.nih.gov/pubmed/18097416
http://dx.doi.org/10.1021/ja400920w
http://www.ncbi.nlm.nih.gov/pubmed/23473378
http://dx.doi.org/10.1073/pnas.1317032111
http://dx.doi.org/10.1073/pnas.1317032111
http://www.ncbi.nlm.nih.gov/pubmed/24706812
http://dx.doi.org/10.1039/c4cc04513k
http://www.ncbi.nlm.nih.gov/pubmed/25105179
http://www.ncbi.nlm.nih.gov/pubmed/10325417
http://www.ncbi.nlm.nih.gov/pubmed/10852702
http://www.ncbi.nlm.nih.gov/pubmed/7958979
http://www.ncbi.nlm.nih.gov/pubmed/10391953
http://www.ncbi.nlm.nih.gov/pubmed/7737185


49. Mizukoshi T, Kodama TS, Fujiwara Y, Furuno T, Nakanishi M, et al. (2001) Structural study of DNA du-
plexes containing the (6–4) photoproduct by fluorescence resonance energy transfer. Nucleic Acids
Res 29, 4948–4954. PMID: 11812824

50. Scrima A, Koníčková R, Czyzewski BK, Kawasaki Y, Jeffrey PD, et al. (2008) Structural basis of UV
DNA-damage recognition by the DDB1–DDB2 complex. Cell 135: 1213–1223. doi: 10.1016/j.cell.
2008.10.045 PMID: 19109893

Structural Flexibility of Damaged DNA

PLOSONE | DOI:10.1371/journal.pone.0117798 February 13, 2015 17 / 17

http://www.ncbi.nlm.nih.gov/pubmed/11812824
http://dx.doi.org/10.1016/j.cell.2008.10.045
http://dx.doi.org/10.1016/j.cell.2008.10.045
http://www.ncbi.nlm.nih.gov/pubmed/19109893


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


