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ABSTRACT: Exposure of DNA to one-electron oxidants leads initially to the formation of guanine radical cations (G•+),
which may degrade by deprotonation or hydration and ultimately cause strand breaks or 8-oxoG lesions. As the structure is
dramatically changed by binding of the third strand in the major groove of the target duplex, it makes the triplex an interesting
DNA structure to be examined and compared with the duplex on the G•+ degradation pathways. Here, we report for the first
time the time-resolved spectroscopy study on the G•+ reaction dynamics in triplex DNA together with the Fourier transform
infrared characterization of steady-state products, from which structural effects on the reactivity of G•+ are unraveled. For an
antiparallel triplex-containing GGC motif, G•+ mainly suffers from fast deprotonation (9.8 ± 0.2) × 106 s−1, featuring release of
both N1−H and N2−H of G in the third strand directly into bulk water. The much faster and distinct deprotonation behavior
compared to the duplex should be related to long-resident water spines in the third strand. The G•+ hydration product 8-oxoG
is negligible for an antiparallel triplex; instead, the 5-HOO−(G−H) hydroperoxide formed after G•+ deprotonation is identified
by its vibrational marker band. In contrast, in a parallel triplex (C+GC), the deprotonation of G•+ occurs slowly (6.0 ± 0.3) ×
105 s−1 with the release of N1−H, while G•+ hydration becomes the major pathway with yields of 8-oxoG larger than in the
duplex. The increased positive charge brought by the third strand makes the G radical in the parallel triplex sustain more cation
character and prone for hydration. These results indicate that non-B DNA (triplex) plays an important role in DNA damage
formation and provide mechanistic insights to rationalize why triplex structures might become hot spots for mutagenesis.

■ INTRODUCTION

One-electron oxidation of DNA is one of the main causes of
cytotoxic DNA lesions related to mutagenesis, apoptosis, or
cancer.1,2 In particular, one-electron oxidation initially
generates a radical cation (hole) that can migrate through
DNA strands and ultimately end up selectively at the sites of
guanine (G) because G is the most easily oxidized
nucleobase.3−6 Subsequently, the radical cation (G•+) under-
goes decay by additional reactions, mainly deprotonation and
hydration, to generate various lesion products.7−12 G•+

deprotonates to form a guanine neutral radical G(−H)•,13−15
which would then react with dioxygen O2 and lead to
imidazolone (Iz) and oxazolone (Oz) (Scheme 1).16−18 Both
Iz and Oz are alkali-labile products, which may be completely
converted to strand breaks.19,20 Meanwhile, the hydration of
G•+ results in the formation of 7,8-dihydro-8-oxoguanine (8-
oxoG), one of the most important products related to

“oxidation stress” in biological systems (Scheme 1).21,22 If
not removed, 8-oxoG might induce G:C to T:A transversion
during replication by pairing with adenine, which is often
found in the coding sequences of oncogenes and tumor
suppressor genes.23,24

The degradation pathway of G•+ that dictates the type of
DNA damage, interestingly, is found to be strongly structure-
dependent.7−9,21 In a G-base monomer or in single-stranded
DNA (ssDNA), G•+ mainly undergoes deprotonation by loss
of the imino proton (N1−H) in neutral solutions with a rate
constant of ∼107 s−1,13 whereas the hydration of G•+ (3.0 ×
102 s−1) is too slow to compete.25 This type of G•+ degradation
is considered to make the strand breaks familiar in ssDNA.
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Only in acidic solution pH (2.5) when the deprotonation is
suppressed can G•+ be hydrated to generate 8-oxoG.25

Different from ssDNA, the G base in double-strand DNA
(dsDNA) is paired with cytosine through Watson−Crick
hydrogen bonding. The deprotonation occurs along the central
hydrogen bond in dsDNA, where the N1 proton of G•+

partially transfers to N3 of C in the base pair, as the
protonation pKa of N3 in C (4.3) is slightly higher than the
deprotonation pKa of N1 in G•+ (3.9), and then, the proton is
eventually released into the solvent.13,14 Essentially, the
chemical equilibrium [G(−H)•:H+C ⇆ G•+:C] within the
base pair diminishes the probability of escape of the proton,
allowing the G(−H)• radicals to retain some cationic character
in dsDNA. The hydration of G•+ can thus compete with the
release of the proton into bulk solution and ultimately leads to
the formation of high-yield 8-oxoG, which is ∼7 greater than in
ssDNA.21

Compared to the sophisticated studies devoted to dsDNA,
much less is known for the radical cation degradation behavior
of G•+ in triplex DNA that has an entirely different structure.
As an important non-B-form DNA structure in cells, triplex
formation might adversely affect DNA replication and is
associated with a number of inherited as well as acquired

human diseases.26−29 Triplex is a family of triple helical
structures formed when a single-stranded triplex-forming
oligonucleotide binds in the major groove of target duplex
DNA by Hoogsteen (parallel triplex) or reverse Hoogsteen
hydrogen bonding (antiparallel triplex) as shown in Scheme
2.30−32 Structural studies have revealed that the binding of the
third strand into the target duplex changes the hydrogen
bonding, solvent accessibility, and base stacking.33−39 On the
basis of the structural features, the G•+ degradation in triplex
DNA is anticipated to be different from single-strand and
duplex DNA.
Saito and his co-workers reported that the oxidative DNA

cleavage occurred exclusively at G-repeat sequences in the
third strand of the antiparallel GGC-type triplex, meaning that
triplex DNA can serve as an effective hole trap.40 However,
irradiation of the parallel triplex DNA linked with anthraqui-
none leads to strand breaks at remote GG sequences,
indicating that the C+GC-type triplex blocks the hole trap
and facilities hole migration.41 In general, the strand breaks are
linked to G•+ deprotonation. Therefore, these studies based on
steady-state measurements actually point to the different
reaction properties of G•+ within the two types of the triplex
DNA structure. Obviously, the distinct structural features of

Scheme 1. (a) Degradation Pathways of G•+ in the Free Base dG and (b) Two Deprotonation Pathways of G•+

Scheme 2. (a) Base Pairs of C+GC in the Parallel Triplex and GGC in the Antiparallel Triplex; (b) sequence of the Target
Duplex and the Antiparallel and Parallel Triplex as Well as Their Folding Style
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triplex DNA make it an interesting candidate to be examined
and compared with duplex DNA, from which the structural
effects on the reactivity of G•+ can be unraveled. Furthermore,
triplex DNA structures are postulated to be responsible for
some oxidative breakpoint hotspots that may induce the
genomic instability.42,43 Thus, research on G•+ degradation in
triplex DNA also has biological significance.
In this context, we combined the time-resolved UV−vis

absorption and Fourier transform infrared (FTIR) spectrosco-
py to monitor the structure-dependent degradation pathways
of G•+ in antiparallel and parallel triplex DNA, respectively. For
the first time, the distinct G•+ degradation pathways in the
antiparallel and parallel triplex in comparison with the duplex
are disclosed. For the antiparallel triplex, G•+ mainly suffers
from fast deprotonation (9.8 ± 0.2) × 106 s−1, featuring release
of both imino N1−H and exocyclic amino N2−H of G in the
third strand directly into bulk water. The unique deprotona-
tion behavior should be related to the presence of the long-
resident water spines in the groove of the triplex. The 5-
HOO−(G−H) hydroperoxide formed after G•+ deprotonation
is identified in the IR spectra, providing spectral evidence for
the existence of this crucial precursor of Iz and Oz lesions. In
contrast, in the parallel triplex, the deprotonation of G•+ occurs
slowly (6.0 ± 0.3) × 105 s−1 with the release of N1−H, while
G•+ hydration becomes the major pathway with yields of 8-
oxoG larger than in duplex DNA. The increased positive
charge brought by the third strand makes the G radical in the
parallel triplex sustain more cation character and prone for
hydration. The degradation pathways of G•+ indicate that the
parallel triplex may mainly suffer from 8-oxoG damage because
of the prone hydration of G•+, while the fast G•+ deprotonation
in the antiparallel triplex can be converted to another lesion
type of strand breaks. These results reveal the significant role of
the DNA structure in governing G•+ reaction dynamics and
provide mechanistic insights for understanding why the
genomic regions with the propensity to fold transiently into
non-B DNA secondary structures might become hot spots for
mutagenesis.

■ MATERIALS AND METHODS
Materials. Sodium persulfate was purchased from Sigma.

Sodium phosphate buffers in H2O and D2O were purchased
from Beijing Solarbio Science & Technology Co., Ltd. The
DNA oligonucleotides GK40, CK7, and target dsDNA
(Scheme 2) were purchased from Sangon Biotech (shanghai)
Co., Ltd. in a form purified by high-performance liquid
chromatography/polyacrylamide gel electrophoresis. Single-
strand concentrations were determined by monitoring the
absorbance at 260 nm in the UV−vis spectra, and the
corresponding extinction coefficients of 446 100, 396 500, and
270 500 M−1 cm−1, respectively, for GK40, CK7, and dsDNA
are obtained from www.idtdna.com. The triplex DNAs were
prepared as follows. The oligonucleotide samples were
dissolved in 100 mM sodium phosphate buffer solution at
pH 7.5 for GK40 and the target duplex as well as 100 mM
sodium phosphate buffer solution at pH 5.0 for CK7, then
incubated at 4 °C overnight. The formation of triplex DNA
was confirmed by circular dichroism spectroscopy. All the
reagents were used as received.
Circular Dichroism Spectroscopy. Circular dichroism

experiments were performed at room temperature using a
Jasco-815 spectropolarimeter. Each measurement was recorded
from 200 to 320 nm in a 1 cm path length quartz cuvette with

a scanning rate of 1000 nm/min. The final data were the
average of three measurements. The concentration of triplex
DNA is 2.0 μM for GK40, CK7, and dsDNA. The scan of the
buffer alone was used as the background, which was subtracted
from the average scan for each sample.

Laser Flash Photolysis. Nanosecond time-resolved
transient absorption spectra were measured using a nano-
second laser flash photolysis setup Edinburgh LP920
spectrometer (Edinburgh Instruments Ltd.), combined with
a Nd:YAG laser (SureliteII, Continuum Inc.). The sample was
excited by a 355 nm laser pulse (1 Hz, 10 mJ/pulse, fwhm ≈ 7
ns). The analyzing light was from a 450 W pulsed xenon lamp.
A monochromator equipped with a photomultiplier for
collecting the spectral range from 300 to 700 nm was used
to analyze transient absorption spectra. Data were analyzed by
online software of the LP920 spectrophotometer.

Generation of Sulfate Radical Anions. Sulfate radicals
anions, SO4

•−, were generated by the photodissociation of
peroxodisulfate anions (S2O8

2−) by nanosecond 355 nm laser
pulses. Here, Na2S2O8 is photolyzed as the SO4

•− precursor.

hS O 2SO2 8
2

4ν+ →− •−

The sulfate radical SO4
•− shows transient absorption with

the resolved band at 450 nm, which is in good agreement with
the spectra reported previously.15 The photodissociation of
S2O8

2− is rapid, and all SO4
•− are generated within the ∼7 ns

laser pulse duration. The concentration of SO4
•− can be

estimated by the absorbance at 450 nm using an extinction
coefficient of 1600 M−1 cm−1, which is 7.2 μM and much
smaller than the concentration of G in triplex DNA (at least
250 μM triplex concentration). With the triplex DNA in large
excess, the bimolecular reaction of SO4

•− oxidizing triplex
DNA becomes a pseudo-first-order reaction. The 355 nm
photolysis of the triplex alone does not generate any signal,
providing a neat background for the detection of the reactions
of SO4

•− with DNA.
FTIR Spectroscopy. FTIR spectra were recorded using a

Nicolet Nexus 870 FTIR spectrometer. The samples were
injected in an IR cell with 2 mm thick CaF2 windows (path
length, 100 μm) and excited by a 355 nm laser pulse (1 Hz, 10
mJ/pulse, fwhm ≈ 7 ns). The laser excitation beam was
directed through an iris aperture (3 mm in diameter) and
overlapped with the infrared beam in the sample cell. The IR
spectra were collected with a spectral resolution of 8 cm−1.

Theoretical Calculation Methods. The ground-state
geometries and vibrational frequencies were calculated by
using the density functional theory at the B3LYP/6-31+
+G(d,p) level, which is usually a sufficient computational
method for the current system.44,45 The solvent effects were
simulated with the polarized continuum model (PCM) or
under the solvent model which includes seven explicit water
molecules (D2O) combined with a PCM approach. The
calculations were all performed with the Gaussian 09 program
package.46

■ RESULTS AND DISCUSSION

Triplex DNA Structure Formation. We choose the
oligonucleotide sequences GK40 and CK7 containing
pyrimidine−purine−purine segments and pyrimidine−pu-
rine−pyrimidine segments, respectively. These two sequences
can fold back twice on themselves and form an intramolecular
triplex in which the third strand would adopt an antiparallel
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orientation or a parallel orientation with respect to the
homologous purine strand of the target duplex as shown in
Scheme 2. Specifically, in the pH 7.5 sodium phosphate buffer
solution, the 3′ terminal purine segment of GK40 folds back
via the tttt loop and pairs with the homologous purine strand
of the target duplex by the reversed Hoogsteen hydrogen
bonds, forming the antiparallel triplex with GGC and AAT
motifs. For CK7, the 5′ terminal pyrimidine segments (C base)
are partially protonated in the pH 5.0 sodium phosphate buffer
solution and can fold back to pair with the homologous purine
strand of the target duplex by Hoogsteen hydrogen bonds,
forming the parallel triplex with C+GC and TAT motifs.
Fujimoto and his co-workers reported that for the antiparallel
triplex (GK40), the CD spectra displayed two positive bands
(280 and 223 nm) and one negative band (248 nm) and the
223 nm positive band had increased intensity than the target
duplex. For parallel triplex DNA (CK7), the positive band at
280 nm and the negative band at 248 nm were still observed,
while the positive band at 223 nm was replaced by the
emerging negative band at 215 nm.47 Figure 1 shows the CD

spectra measured here for the antiparallel triplex GK40, parallel
triplex CK7, and their target duplex at room temperature,
which are consistent with Fujimoto’s results and demonstrate
the formation of the anticipated triplex structures. In the triplex
(GK40 or CK7), one-electron oxidation should take place
preferentially on the GGC or C+GC motifs containing G bases,
whereas the AAT or TAT motifs cannot compete because G
has the lowest oxidation potential. Thus, the G•+ degradation
pathways in the antiparallel and parallel triplex can be
monitored as follows.
Guanine Radical Cation Deprotonation in the

Antiparallel Triplex. To assist in understanding the G•+

deprotonation in triplex DNA, a reference experiment was first
performed for the one-electron oxidation of the target duplex
by the SO4

•− radical. G•+ in dsDNA is known to deprotonate
N1−H, forming G(N1−H)•.13,14 The transient absorption
spectra for the 355 nm photolysis of the target duplex with
Na2S2O8 (Figure 2a) show the SO4

•− band at 450 nm as well
as the G•+ bands at 400 and 490 nm at 50 ns, which decay to
form G(N1−H)•. The spectrum at 10 μs shows the typical
G(N1−H)• features of two resolved bands at 390 and 510 nm
as well as flat absorption above 600 nm. To obtain the
deprotonation rate constant, the absorption change of 640 nm
where the deprotonated radical mainly absorbs was measured,
which can be fit well by a biexponential function involving a
fast increasing phase and a slow one. This is in accord with
previous studies on the G•+ deprotonation in the duplex, in

which the fast phase was assigned to the bimolecular reaction
of SO4

•− with the duplex because rate constants increased with
the concentration of the duplex, and the slower phase was
considered to derive from the first-order G•+ deprotonation
because of the independence on the duplex concentration.13,14

In our case, the two time constants obtained from the 640 nm
kinetics curve are 0.12 and 1.06 μs corresponding to oxidation
and deprotonation, respectively. Here, the deprotonation rate
is much slower than the oxidation rate, such that these two
processes can be resolved directly from the 640 nm kinetics
curves. The deprotonation rate constant is thus obtained to be
(9.4 ± 0.5) × 105 s−1 for the target duplex.
For the antiparallel triplex containing G2G1C motifs, as

shown in Scheme 2, G2 in the third strand (G2G1C) is bound
to the normal Watson−Crick base pair G1C via the reverse
Hoogsteen hydrogen bond. In the triplex G2G1C base pair
under the attack of SO4

•− radicals, which G base is more
susceptible to oxidation? The electronic configuration of
G2G1C was calculated at the level of PCM/B3LYP/6-31+
+G(d,p). It is noteworthy that almost all of the highest
occupied molecular orbital (HOMO) of G2G1C is concen-
trated on G2 (Figure 3a). This indicates that the hole (G

•+) is
preferentially localized on G2 in the third strand, after the
initial oxidation of the triplex. The subsequent deprotonation
of G•+ could generate G(N1−H)• or G(N2−H)•, depending
on which the proton is to be released, the imino N1−H or
exocyclic amino N2−H (Scheme 1).14,15,48

For the one-electron oxidation of the antiparallel triplex
GK40 by SO4

•−, the transient absorption spectra (Figure 3b)
show four peaks at 400, 450, 500, and 640 nm at early time (50
ns). The 450 nm band is due to SO4

•−, and the bands at 400
and 500 nm are the typical spectral position of G•+. With the
decay of G•+, the transient bands of 390 and 510 nm are
observed (10 μs, Figure 3b), along with a broad absorption
band above 510 nm, which are the typical features for G(N1−
H)•.13,14 On top of the broad absorption band above 510 nm,

Figure 1. CD spectra for the antiparallel triplex GK40, parallel triplex
CK7, and target duplex formed in 100 mM sodium phosphate buffer
solution.

Figure 2. (a) Transient UV−vis absorption spectra for the buffer
solution (pH = 7.5) of dsDNA (1.25 mM, the equivalent G-base
concentration [G] = 5.0 mM) + Na2S2O8 (400 mM) upon 355 nm
laser flash photolysis. (b) Kinetics trace monitored at 640 nm after
excitation of (a) solution, with the double-exponential fits to the data
(solid red line).
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there is a small peak at 640 nm discerned. This is evidently
different from the target duplex DNA. According to the
literature, the absorption peak at ∼620 nm is regarded to be
specific for G(N2−H)• and used to distinguish G(N2−H)•
from G(N1−H)•.15,48,49 Thus, the 640 nm peak here can be
attributed to the G•+ deprotonation to form the neutral radical,
G(N2−H)•. Because both G(N1−H)• and G(N2−H)• radicals
are observed, the G•+ deprotonation in the antiparallel triplex
should occur at both the N1−H and N2−H sites, releasing both
imino and amino protons.
The emergence of N2−H deprotonation in addition to N1−

H deprotonation for G•+ in the antiparallel triplex is a behavior
distinct from its target duplex. To compare further, the
deprotonation rate constant of G•+ in the antiparallel triplex
was measured by monitoring the kinetics traces at 640 nm.
Unlike the target duplex, there is only one fast rising phase
observed here, indicating that the G•+ deprotonation is as fast
and thus not resolved from the SO4

•− + G oxidation. To
discriminate G•+ deprotonation from one-electron oxidation,
the G concentration dependence of the rate constant was
assessed through varying the G concentration from 2.5 to 6.0
mM in the triplex GK40. As shown in Figure 3d, the rate
constants obtained from the single-exponential fitting to the
rising curves at 640 nm are plotted against the concentration of
G in the triplex, which exhibits a linear relationship below 5.0
mM. Therefore, below 5.0 mM, the rate-determining step is

the second-order oxidizing reaction of SO4
•− + G in the triplex

GK40. From the slope, the second-order oxidation rate
constant is calculated to be (2.2 ± 0.3) × 109 M−1 s−1,
which follows pseudo-first-order conditions because the
concentration of G bases in the triplex is in large excess
relative to SO4

•−. The rate constants above 5.0 mM are
independent of G concentration, indicating that the rate-
determining step is the first-order G•+ deprotonation, from
which the deprotonation rate constant of (9.8 ± 0.2) × 106 s−1

is obtained. Moreover, the deprotonation rate constant was
measured in H2O and D2O separately, from which the kinetic
isotope effect (KIE) factor of (1.5 ± 0.1) can be obtained
(Figure 3e).
We notice that the obtained deprotonation rate constant for

the antiparallel triplex [(9.8 ± 0.2) × 106 s−1] is much greater
than that in the G-quadruplex (2.1 × 105 s−1) and 1-
methylguanosine (3.5 × 105 s−1), where only the amino proton
N2−H is deprotonated.15,48 In contrast, it is close to the rate
constant of N1−H deprotonation in free G (1.8 × 107 s−1 at
pH 7.0)13 and single-strand DNA (1.4 × 107 s−1 measured for
the third-strand sequence at pH 7.5 as shown in Figure S1).
This suggests that G2

•+ in the third-strand of the triplex should
mainly undergo N1−H deprotonation, together with a small
portion of N2−H deprotonation (as featured by the weak
absorption peak of G(N2−H)• at 640 nm). Indeed, the kinetics
traces at 560 nm due to G(N1−H)• do not have much
difference from that at 640 nm due to both G(N2−H)• and
G(N1−H)• (Figure S2).
Generally, the G•+ deprotonation is affected by the

accessibility of water molecules, and the deprotonation site is
closely associated with the proton surrounding.13−15 For the
free base dG and G in single-strand DNA, both N1−H and
N2−H contact with bulk water directly. Thus, the deprotona-
tion site is determined by the acidity of active protons, causing
a preferential loss of N1−H (pKa = 3.9) rather than N2−H
(pKa = 4.7).13 In duplex DNA, the G base is paired with
cytosine (C) through Watson−Crick hydrogen bonding.
Because pKa of N3 in C (4.3) is higher than that of N1 in
G•+ (3.9), the N1 proton of G

•+ is transferred to N3 of C in the
base pair. The N1−H deprotonation thus occurs along the
central hydrogen bond in duplex DNA, and then, the proton is
released into aqueous solution. In this case, the released N1−H
is a bound proton, and the deprotonation has a KIE factor of
3.8.14

For the antiparallel triplex, the third strand (purine-rich)
binds in the major groove of the target duplex forming two
new grooves, where there is the presence of long-resident water
spines because of the unique positioning of the amino groups
of the first-strand C and the third-strand G.34,39 The spine of
hydration brought by the third strand thus significantly alters
the water accessibility. The active protons (N1−H and N2−H)
of the oxidized G base (G2) in the third strand, although
Hoogsteen hydrogen bonded with G1, could be exposed to
water spines in the groove, rendering a strong interaction with
water molecules directly. This situation is similar to the free
base dG and single-strand DNA and can be evidenced by the
almost same KIE factor of 1.5 typical for free protons (Figure
3e). The exposure to water spines may allow the loss of active
protons from G2

•+ directly into water. Under these circum-
stances, it is expected that the deprotonation of the imino
proton N1−H should be predominant because it is more acidic
than the amino proton N2−H. This analysis is in agreement
with our experimental observation. Meanwhile, it should be

Figure 3. (a) Orbital contour plot of the HOMO of GGC obtained
by the density functional calculation at the PCM/B3LYP/6-31+
+G(d,p) level. (b) Transient UV−vis absorption spectra for the buffer
solution (pH=7.5) of the triplex GK40 ([G] = 5.0 mM) + Na2S2O8
(400 mM) upon 355 nm laser flash photolysis. (c) Kinetics trace
monitored at 640 nm after excitation of (b) solution, with the single-
exponential fits to the data (solid red line). (d) Concentration
dependence for the rate constants obtained from the increase of the
640 nm band. (e) Normalized kinetics traces at 640 nm after
excitation of (b) in H2O or in D2O at pH/pD 7.5.
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noticed that the imino proton N1−H of G2
•+ is also bound

with N7 of G1 by reverse Hoogsteen hydrogen bonding
(Scheme 2), which is considered to be a weak hydrogen
bonding with the low melting temperature (generally 30−40
°C) and easy to dissociate.30,40 This means that when the
imino proton N1−H is deprotonated into bulk water, N7 of G1
would have an adverse effect by slightly hindering the proton
escape. On the other hand, the amino protons N2−H are less
restricted because only N2−Ha is hydrogen-bonded with O6 of
G1 and the other proton N2−Hb is free. Thus, the loss of the
free amino proton N2−Hb can compete with deprotonation of
the imino proton N1−H, as manifested by the observation of
G(N2−H)• in the transient absorption spectra. Unlike the
duplex, the bases in the third strand of the triplex should be
more exposed to aqueous solution. The long-resident water
spine in the triplex facilitates deprotonation, whereas the
reverse Hoogsteen hydrogen bonding between G2 and G1
restricts the N1−H proton. Consequently, the deprotonation
rate for G•+ in the third strand of the antiparallel triplex
becomes much faster than its target duplex, and there is an
emergence of N2−H deprotonation in addition to N1−H
deprotonation.
Guanine Radical Cation Deprotonation in the Parallel

Triplex. For the parallel triplex CK7 which is formed under
slightly acidic conditions (pH 5.0),41,47 one-electron oxidation
should take place on the C+GC motifs containing the G base,
where the C base in the third strand is protonated, and thus,
Hoogsteen hydrogen bonded with G in the target duplex
(denoted by C2

+G1C1 in Scheme 2). The preferential hole
localization in G can be confirmed by the electronic
configuration calculation of C2

+G1C1, which shows that the
HOMO of C2

+G1C1 is centered on G1 (Figure 4a).
For the one-electron oxidation of the parallel triplex CK7 by

SO4
•−, the transient spectra (Figure 4b) show the SO4

•− band
at 450 nm and G•+ bands at 400 and 490 nm at early time (50
ns). Accompanying with the decay of G•+, two resolved bands
at 390 and 510 nm as well as flat absorption above 600 nm are
observed as shown in the 10 μs spectrum, which is essentially
similar to the spectra of G1(N1−H)• obtained from its target
duplex (Figure 2a), indicating that G•+ in the parallel triplex
undergoes N1−H deprotonation.
Similar to its target duplex, the transients at 640 nm in the

triplex CK7 also involve a fast increase phase and a slow one
(Figure 4c). The fast phase due to bimolecular oxidation
reveals linear concentration dependence, and the slow phase
corresponding to first-order deprotonation is insensitive to
concentration (Figure 4d), from which the oxidation ((1.7 ±
0.2) × 109 M−1 s−1) and deprotonation rate constant [(6.0 ±
0.3) × 105 s−1] are derived, respectively. The deprotonation in
the parallel triplex CK7 is slightly slower compared to its target
duplex (9.4 ± 0.5) × 105 s−1. This should be caused by the
acidic pH (5.0) under this circumstance for forming the triplex.
As shown in Figure 4e, the deprotonation rate constant was
measured in H2O and D2O separately. The KIE factor
measured for the parallel triplex (3.3 ± 0.1) is similar to that
of the duplex (3.8), indicating further that it is the bound N1−
H proton within G1C1 to be released. Overall, the G•+

deprotonation behavior for C2
+G1C1 is similar to its target

duplex G1C1, the presence of the third strand does not change
deprotonation much.
Our observation of G•+ deprotonation in both the

antiparallel and parallel triplex helix provides key knowledge
of kinetics rate constants, which can rationalize previous

steady-state measurements of hole transfer in triplex DNA. The
GGC in the antiparallel triplex is a more effective hole sink
than the GGG triplet in the duplex based on the calculated
ionization potential, and the hole prefers to localize on the
triplex helix rather than the duplex.40 This affords a
prerequisite factor for the hole trap in this region. In addition,
if the ensuing G•+ deprotonation in this site could compete
with hole migration, the hole would be trapped here and
generate the damage product of Iz or Oz. In fact, the
deprotonation rate constant of the antiparallel triplex [(9.8 ±
0.2) × 106 s−1] is 10 times greater than that in the target
duplex [(9.4 ± 0.5) × 105 s−1]. In this regard, the antiparallel
triplex helix region is a preferential site for the hole trap
compared to the duplex. Therefore, according to the ionization
potential and deprotonation rate constants, it is under-
standable why the antiparallel triplex can serve as an effective
hole trap and eventually result in the strand break related Iz
and Oz lesions.40 For the parallel triplex, the increased positive
charge caused by the N3 protonation of the C base in the third
strand would raise the ionization potential of the C2

+G1C1 unit
in comparison with the GC base pair. This is disadvantageous
for the initial hole localization in the parallel triplex.
Furthermore, the slower deprotonation of G•+ in the parallel
triplex [(6.0 ± 0.3) × 105 s−1] would have less interruption on
the hole transfer than that in the duplex. This accounts for why
the parallel triplex region could block the hole trap and

Figure 4. (a) Orbital contour plot of the HOMO of C+GC obtained
by the density functional calculation at the PCM/B3LYP/6-31+
+G(d,p) level. (b) Transient UV−vis absorption spectra for the buffer
solution (pH = 5.0) of the triplex CK7 ([G] = 3.0 mM) + Na2S2O8
(400 mM) upon 355 nm laser flash photolysis; (c) kinetics trace
monitored at 640 nm after excitation of (b) solution, with the double-
exponential fits to the data (solid line). (d) Concentration
dependence for the rate constants obtained from the fast and slow
increase phases of the 640 nm band. (e) Normalized kinetics traces at
640 nm after excitation of (b) in H2O or in D2O at pH/pD 5.0.
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facilitate hole migration, featuring that the oxidative strand
break occurred at remote GG locations.41

Guanine Radical Cation Hydration in Triplex DNA.
Aside from deprotonation, G•+ can undergo hydration to form
8-oxoG by nucleophilic addition of water to C8 of the guanine
imidazole ring (Scheme 1). However, hydration occurs slowly
at ∼3 ms (3.0 × 102 s−1),25 which is beyond the time window
of transient spectroscopy. The steady-state FTIR measure-
ments were performed to monitor the hydration product 8-

oxoG in triplex DNA, taking advantage of the characteristic IR
bands in discerning the in-plane double-bond stretching
vibrations (1600−1800 cm−1). Brief laser irradiation (usually
90 s) was performed to avoid successive photo-absorption and
reactions of primary products.
The reference experiment was first performed for the target

duplex. As G•+ in duplex DNA decays by both the
deprotonation and hydration in neutral pH conditions, the
deprotonation products may interfere with the measurement of

Figure 5. Steady-state IR difference spectra for (a) target duplex ([G] = 5.0 mM) + Na2S2O8 (400 mM) at pD 3.0; (b) parallel triplex ([G] = 5.0
mM) + Na2S2O8 (400 mM) at pD 5.0; (c) target duplex ([G] = 5.0 mM) + Na2S2O8 (400 mM) at pD 7.5; and (d) antiparallel triplex ([G] = 5.0
mM) + Na2S2O8 (400 mM) at pD 7.5 after 90 s of 355 nm laser irradiation.

Table 1. B3LYP/6-31++G(d,p) calculated IR Frequencies under the PCM Model or under the Solvent Model (Explicit Water
+ PCM) for G, G(+H)+, 8-oxoG, and 5-HOO−(G−H) hydroperoxide in Duplex or Triplex Base Pairs
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8-oxoG formation. To obtain the characteristic IR spectra of
the hydration product 8-oxoG, the experiment was carried out
at pD 3.0 in deuterium oxide, where deprotonation is
suppressed and G•+ can only hydrate to form 8-oxoG. Figure
5a shows the IR difference spectra after 355 nm laser
irradiation (90 s) of the mixed solution of the target duplex
and Na2S2O8 at pD 3.0. Strong IR bands due to the reaction of
G + SO4

•− are observed, where the depletion of the reactant
(G) gives rise to negative signals and the formation of products
corresponds to positive bands. The two negative peaks at 1625
and 1677 cm−1 should be ascribed to G bleach. To assist
assignment, the IR frequencies of G in the GC base pair were
calculated at the level of B3LYP/6-31++G(d,p). Considering
the rapid exchange of hydrogens by deuterons in D2O solution,
both imino and amino protons in G are replaced by deuterons
in the calculation. The solvent effects were simulated with the
PCM or under the solvent model that includes seven explicit
water molecules (D2O) combined with a PCM approach. The
calculated vibrational frequencies based on the approach of
(explicit water + PCM) are in better agreement with the
experimental IR absorption spectra in general (Table 1).
According to the calculations, the 1677 cm−1 band in IR
difference spectra should be assigned to the C6O carbonyl
stretching mode of G (calculated IR frequency at 1670 cm−1).
At acidic pH (3.0), G can be partially protonated at the N7 site
(pKa=2.4). Thus, the other negative band at 1625 cm−1 should
be ascribed to the protonated G (G(+H)+), which agrees with
the calculated IR frequency of 1634 cm−1 for the C4C5
stretching mode of G(+H)+.
The G bleach bands are accompanied by the formation of

two obvious positive bands at 1660 and 1714 cm−1 in the IR
difference spectra (Figure 5a). These positive bands should be
ascribed to the formation of 8-oxoG. The IR frequencies for 8-
oxoG in the GC base pair were also calculated to confirm the
assignment. The calculated IR frequencies of 8-oxoG at 1666
(C6O carbonyl stretching mode) and 1730 cm−1 (C8O
carbonyl stretching mode) are consistent with the experimental
observation. The agreement between the calculation and the
experiment supports the assignment of the hydration product
8-oxoG in the duplex. The standard IR spectra for G and 8-
oxoG can thus be obtained, which are featured with the band
at 1677 cm−1 for G depletion and two bands at 1660 and 1714
cm−1 for 8-oxoG.
In contrast, in neutral conditions at pD 7.5 for the target

duplex, the IR difference spectrum (Figure 5c) displays
different features. Together with the negative band due to G
bleach at 1677 cm−1, three positive bands at 1616, 1656, and
1720 cm−1 are observed. Among them, the bands at 1656 and
1720 cm−1 are the standard IR spectra for 8-oxoG. In neutral
conditions because both hydration and deprotonation occur,
the other positive band at 1616 cm−1 should be ascribed to the
deprotonation product. It was proposed that the deprotonated
radical G(−H)• reacts with O2 (<106 M−1 s−1, ∼ ms at the
saturated O2 concentration of 0.3 mM) to form the
hydroperoxide 5-HOO−(G−H), by addition of O2 to C5 of
G(−H)•.50 As shown in Scheme 1, the hydroperoxide then
undergoes decarboxylation, ring-opening, hydrolysis, and ring-
chain tautomerization to form eventually Iz and Oz lesion
products, which, however, should occur much more slowly.
Thus, the 1616 cm−1 product detected in the IR spectra after
90 s of laser irradiation most likely arises from the fast radical
reaction (G(−H)• + O2) product 5-HOO−(G−H) hydro-
peroxide. The calculated frequency for the N7C8 stretching

mode of 5-HOO−(G−H) is 1626 cm−1 under the PCM model
or 1636 cm−1 under the (explicit water + PCM) model, which
matches with the experiment and confirms the assignment.
The C6O mode of 5-HOO−(G−H) (calculated frequency
1685 cm−1) should be buried inside the negative G bleach
band and thus not discernible. The other products formed
subsequent to hydroperoxide do not have IR absorption in this
region. The IR spectra thus verify the previously postulated
hydroperoxide intermediate product prior to the formation of
Iz and Oz lesions. It is noticeable that the intensity of the 8-
oxoG band is weaker than in pD 3.0 conditions, indicating that
hydration is less competitive at pD 7.5. These results
corroborate previous studies that G•+ in duplex DNA at
neutral pH decays by both deprotonation and hydration.21

Similar experiments were performed for triplex DNA of the
parallel triplex CK7 and antiparallel triplex GK40, and the IR
difference spectra are shown in Figure 5b,d. Interestingly, for
the parallel triplex CK7, two strong positive bands at 1677 and
1715 cm−1 are observed, which are the standard IR frequencies
for 8-oxoG, indicating that G•+ undergoes hydration to
generate 8-oxoG. The intensity of the 8-oxoG band here is
∼3 fold stronger than that in the target dsDNA (pD 3.0),
indicating the much larger product yields of 8-oxoG in the
parallel triplex. This can be evidenced further by the absence of
the negative peak associating with the G bleach, which should
be buried by the strong positive peaks of 8-oxoG. The
calculated C6O IR frequency of G (1665 cm−1) in C+GC
does not differ much from 8-oxoG (1659 cm−1) in C+GC as
shown in Table 1, which further confirms that the negative
band of G overlaps with the positive band of 8-oxoG. This
overlapping makes the intensity of C6O at 1677 cm−1 less
strong than that of C8O at 1715 cm−1. Aside from 8-oxoG,
there is no G•+ deprotonation product observed, which should
have the IR band at ∼1616 cm−1, indicating that G•+

deprotonation in the parallel triplex is negligible comparing
with G•+ hydration. The IR results fully corroborate the
observations in transient UV−vis spectra. The main reason for
the dominant hydration pathway and much greater 8-oxoG
product yield than the target duplex can be speculated: (i)
more cationic character retained for the guanine radical
because of the protonation of C in the third strand, which is
Hoogsteen hydrogen bond with G and (ii) the slower
deprotonation rate of G•+, which may make hydration to
effectively compete with deprotonation.
In contrast, for the antiparallel triplex GK40 (Figure 5d),

there are one negative band and two positive bands (one
strong band at 1616 cm−1 and one weak band at 1718 cm−1) in
the IR difference spectra. The negative peaks at 1675 cm−1 are
basically consistent with the standard IR spectra for G and the
calculated IR frequency (1670 cm−1) for G in G2G1C1 of the
antiparallel triplex. The strong positive band at 1616 cm−1

should arise from the 5-HOO−(G−H) hydroperoxide formed
after G•+ deprotonation, with the same IR frequency as that in
the target duplex when deprotonation occurs (pD 7.5). The
weak positive band at 1718 cm−1 should be 8-oxoG, which
apparently has negligible product yields such that the other
band of 8-oxoG at 1660 cm−1 is buried inside the negative
band of G at 1675 cm−1 and thus not discernible. The
calculative IR frequencies (Table 1) also confirm these
assignments. The trace amounts of the 8-oxoG formation in
the antiparallel triplex are concomitant with the much larger
product yield of 5-HOO−(G−H) hydroperoxide from
deprotonation, corroborating that the long-residence water in
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the third strand facilitates G•+ deprotonation and thus
hydration cannot compete with the fast deprotonation.
Here, our results reveal that the decay pathways of G•+ in

the triplex differ from that in the duplex, and there is a
pronounced structural effect on the reactivity. For the
antiparallel triplex, G in the third strand (G2) is paired with
the G base in the target duplex (G1) by the reverse Hoogsteen
hydrogen bond. This structure renders larger water accessi-
bility because of long residence of water spines, which makes
G2

•+ undergo deprotonation by loss of both imino and amino
protons directly into bulk water and G(−H)• would not retain
any cationic character. Thus, G•+ in the antiparallel triplex
decays primarily by deprotonation and would eventually lead
to the strand break related Iz and Oz lesion products.
However, G•+ in the parallel triplex (G1

•+) locates in the target
duplex, and the active protons (imino and amino proton) of
G1

•+ have almost a similar hydrogen bonding structure with
that in duplex DNA. This structural features cause G(−H)• in
the parallel triplex retaining some cationic character, and the
diminishing probability of escape of the proton due to
intrabase-pair proton equilibrium of [G(−H)•:H+C ⇆
G•+:C]. It is also noteworthy that G1

•+ is paired with the
protonated C base locating in the third strand, which would
lead to more cationic character of G(−H)• in comparison with
the duplex. In this regard, the hydration of G•+ in the parallel
triplex should be more effective. As manifested by the IR
difference spectra, the dominant decay pathway of G•+ in the
parallel triplex is hydration, leading to the 8-oxoG type of
damage. These results clearly show that the degradation
pathways of G•+ are highly sensitive to DNA structures.

■ CONCLUSIONS
In this work, the structure-dependent reaction pathways of G•+

in both parallel and antiparallel triplex DNA are unveiled by
time-resolved UV−vis and steady-state FTIR spectroscopy. For
the antiparallel triplex with the GGC motif, G•+ mainly
undergoes fast deprotonation (9.8 ± 0.2) × 106 s−1, releasing
both N1−H and N2−H of G in the third strand directly into
bulk water. The unique deprotonation behavior should be
related to the presence of the long-resident water spines
brought by the third strand, which can facilitate the release of
protons directly to water, and the deprotonation rate constant
is even higher than that in the target duplex [(9.4 ± 0.5) × 105

s−1]. Accordingly, G•+ hydration cannot compete with
deprotonation, leading to negligible product yield of 8-oxo-G
in the antiparallel triplex. Instead, the 5-HOO−(G−H)
hydroperoxide formed after G•+ deprotonation is identified
in the IR spectra. In contrast, in the parallel triplex with the
C+GC motif, the deprotonation of G•+ behaves similarly with
the target duplex by releasing only N1−H and occurs more
slowly (6.0 ± 0.3) × 105 s−1 because of the slightly acidic pH
(5.0), while G•+ hydration becomes the major pathway with
yields of 8-oxo-G larger than in the duplex (pH 3.0). The
increased positive charge brought by the third strand makes
the G radical in the parallel triplex sustain more cation
character and prone for hydration. These results reveal the
significant roles of the DNA structure in governing G•+

reaction dynamics and decay pathways.
The initial reaction pathways of G•+ revealed here indicate

that one-electron oxidation of triplex DNA can incur severe
chemical alterations, that is, prone hydration of G•+ in the
parallel triplex leads to the 8-oxoG lesion, while the dominant
G•+ deprotonation in the antiparallel triplex can be converted

to Iz and Oz lesion-type causing strand breaks. In terms of
these deleterious oxidation reactions, it can be understood why
non-B DNA such as the triplex can be more susceptible to
DNA damage than the canonical B-DNA structure. It was
observed that UV irradiation caused significant chromatin
fragmentation at repetitive sequences in mammalian cells,
particularly at homopurine/homopyrimidine regions that can
fold into the intramolecular triplex.43 It was not clear whether
the accumulated mutations were caused by higher levels of UV
damage in the non-B DNA-forming sequences or because of a
lower repair efficiency in the structured regions, or both. The
results here indicate that non-B DNA (triplex) plays an
important role in DNA damage formation and provide
mechanistic insights to rationalize why the genomic regions
with the propensity to fold transiently into non-B DNA
secondary structures can become hot spots for mutagenesis.
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