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Native DNA lesions in general destabilize DNA secondary structures such as duplex and G-quadruplex
because they disrupt optimized interactions in DNA defined by nature. In this paper, we report the first
example of a native DNA lesion (8-0x0-7,8-dihydrodeoxyadenosine, OxodA) that stabilizes human telo-
meric G-quadruplex DNA. CD thermal denaturation studies explicitly displayed increased melting tem-
peratures of telomeric G-quadruplex DNAs that contain OxodA(s) in different DNA loops, suggesting
enhanced thermal stability. Conformation studies of G-quadruplex DNAs containing OxodA(s) in the
loops using CD and native PAGE revealed that they adopt a similar antiparallel conformation in Na*
but have much more versatile conformations in K*. According to computational calculations, the
observed stabilization may result from the tight binding of K* into the pocket formed by the 08 of OxodA
and its loop. The study reported here may provide better understanding of the effect of DNA lesions on G-
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quadruplex stability and conformation.
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1. Introduction

G-quadruplex DNA structures are constructed by stacking
planar Hoogsteen hydrogen-bonded G-quartets on top of each
other [1]. Potential unimolecular quadruplex-forming sequences
in Escherichia coli, other prokaryotic genomes, and the human
genome have recently been identified via systematic surveys
[2,3]. Amongst all the G-quadruplex-forming regions, telomeric
DNA that consists of 5'-d(TTAGGG) repeating units at the ends of
chromosomes has attracted most attention. Intramolecular
G-quadruplexes formed in the telomeric regions were proven to
inhibit the binding of telomerase, a reverse transcriptase that is ex-
pressed in 80-85% tumor cells and is essential for the unrestricted
growth of cancer cells [4]; therefore, they have become potential
therapeutic targets for cancer intervention [5,6]. The conformation
of telomeric G-quadruplexes under physiological conditions has
been extensively studied because structure-function relationships
may exist [7].

In our group, we are interested in investigating the effect of
naturally occurring modified nucleotides (DNA lesions) on the
structure of telomeric G-quadruplex DNA. The 3’ overhang of
single-stranded telomeric DNA in principle is prone to oxidation
because it is more accessible to damaging agents such as reactive
oxygen species (ROS) than duplex DNA. The resulting DNA lesions
may regulate the conformation and stability of G-quadruplex DNA.
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However, to our knowledge, such studies are scarce in literature. 8-
0xo0-7,8-dihydrodeoxyguanosine (0xodG) is the only native DNA
lesion in G-quadruplex DNA that has been studied [8]. Another
close example is an analog (dSpacer) mimicking abasic sites
present in G-quadruplex DNA [9,10]. Both OxodG and dSpacer
destabilize the corresponding G-quadruplex DNA regardless of
their locations in the loops or G-quartets. In the present work,
we report an unexpected stabilization of telomeric G-quadruplex
DNA (1, Fig. 1) when we systematically replaced deoxyadenosine
(dA) in the loops with its oxidized form (8-o0xo0-7,8-dihydrodeoxy-
adenosine, OxodA). This is the first example of a native DNA lesion
that augments the stability of G-quadruplex DNA. The observation
reported here is quite significant and may reinstate a common be-
lief on the role DNA lesions in the stabilization of G-quadruplex
DNA.

2. Materials and methods

All the chemicals and phosphoramidites for DNA synthesis were
purchased from Glen Research. The DNA oligonucleotides were
synthesized on an Applied Biosystems 392 DNA/RNA synthesizer,
purified by polyacrylamide gel electrophoresis (PAGE), and charac-
terized using a Shimadzu AXIMA-CFT MALDI-TOF mass spectrom-
eter. UV spectra were collected on a Varian Cary 100 Bio UV-vis
spectrophotometer. Circular dichroism spectra were recorded on
a JASCO ]-810 spectropolarimeter. T4 polynucleotide kinase was
obtained from New England Biolabs. [y->2P]-ATP was purchased
from MP Biochemicals. Quantification of 5'-[3?P]-labeled
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: 5-d(AGGGITAGGGTITAGGGITAGGG)
: 5‘-d(XGGGMGGGMGGGmGGG)

-d(AGGGITXGGGTITAGGGITAGGG)

-d(AGGGITAGGGITXGGGITAGGG)
: 5‘-d(AGGGMGGGMGGGMGGG)
5-d(AGGGITXGGGITXGGGITAGGG)
: 5-d(AGGGITXGGGTTAGGGTITXGGG)
: 5-d(AGGGITAGGGTTXGGGTITXGGG)
: 5-d(AGGGITXGGGITXGGGITXGGG)

Loop 1

‘°°°NF’?S":'?9?N"

Loop 2 Loop 3

8 14

X = OxodA

20

GQ8, 14, 20: 5'-d(TAGGGTITAGGGTTAGGGTTAGGG)
GQ200A: 5'-d(TAGGGITAGGGITAGGGTIT(QA)GGG)
GQ140A: 5'-d(TAGGGITAGGGIT(QA)GGGITAGGG)
GQ8O0A: 5-d(TAGGGTIT(OA)GGGTTAGGGTTAGGG)

loop 1 loop 2

loop 3

OA = OxodA

Fig. 1. G-quadruplex sequences used in this study.

oligonucleotides was carried out using a Storm 860 phosphorlmag-
er and ImageQuant 5.1 software (Molecular Dynamics).

CD and UV absorption spectra were determined in lithium cac-
odylate or phosphate buffer (10 mM, pH 7.0) with 10-150 mM KCI
or NaCl. Native PAGE experiments were run at a 15% gel concentra-
tion and the gel results were measured by autoradiography.

The single point energy calculations on the optimized geome-
tries were carried out at ONIOM(B3LYP/6-311++G(2d,p):UFF). The
potassium ion binding energies of the G-quadruplexes at each ade-
nine present in loop 1, 2, and 3 are calculated using a two-level
ONIOM approach [11] that combines quantum mechanical (QM)
methods and molecular mechanics (MM) methods (ONI-
OM(QM:MM)) implemented in the Gaussian 03 program package.
The loop regions including each adenine base at position 8, 14, and
20 in the sequence are optimized at the QM level using the high-
level density functional B3LYP/6-31G(d), and the rest portions of
the sequences are treated using the low-level universal force field
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(UFF) MM methods (ONIOM(B3LYP/6-31G(d):UFF)). For the geom-
etry optimization, the MM level geometries are frozen to avoid
introducing errors from the force field; therefore, at each set only
the QM level geometries are optimized and the MM energies only
differ depending upon the geometry of the QM level.

3. Results
3.1. Thermal denaturation of G-quadruplex DNA containing OxodA

DNA sequences (1-9) containing zero, one, two, or three Oxo-
dAs (Fig. 1) were prepared using standard phosphoramidite chem-
istry. The thermal stability of G-quadruplex DNA (1-9) was
determined using UV thermal denaturation in the presence of
Na* or K* at different concentrations. The wavelength 295 nm
was monitored as a function of increasing temperature [12]. The

110 mM Na*

Folded Fraction

T(°C)

Fig. 2. Representative UV melting profiles of DNA 1, 2, 3, 8, and 9 in the presence of 110 mM K" (left) and Na* (right).



M. Aggrawal et al./Biochemical and Biophysical Research Communications 421 (2012) 671-677 673
Table 1
Effect of OxodA on the thermodynamic properties of G-quadruplex DNA in 110 mM Na* and K".
DNA In buffered 110 mM NaCl solution In buffered 110 mM KCl solution
AH° (kcal/mol) AS° (cal/mol) AG°37 (kcal/mol) Tm (°C) AH° (kcal/mol) AS° (cal/mol) AG°37 (kcal/mol) Tm (°C)
1 -51.84 £ 0.49 —156 +1.47 —3.60 £ 0.05 60.1 +0.04 -48.63+1.11 —142£3.25 -4.57 £0.14 70.1 £0.16
2 —49.36 £ 0.75 —147 £2.22 —3.87+£0.08 63.1+0.04 -57.32+0.37 —166 +1.07 —5.78 £0.05 72.7 £0.62
3 —48.35 1 0.62 —146 +1.86 —-3.07 £0.06 58.3+0.35 —54.38 £0.51 —159£1.51 —5.12£0.06 703 £0.27
4 —47.92 £ 0.64 -143+1.92 -3.41+£0.07 61.1+0.04 -53.35+0.50 —153+1.44 —5.84 £ 0.07 74.4+0.27
5 -53.19+0.73 —160+2.20 —3.66 £ 0.08 60.1 +0.00 —53.04 £0.80 —-154+£2.31 -5.34+0.11 72.8 +£0.40
6 —4529+0.38 -134+1.14 -3.61+£0.04 60.6 + 0.40 -50.13 £1.26 —146 +3.66 -4.98 +£0.17 72.3+0.13
7 —44.34+0.28 -133+0.84 -3.13+£0.03 59.7 £ 0.64 —56.95 +0.48 —165+1.39 —5.85+0.06 72.0 £1.36
8 —46.60 + 0.42 -139+1.27 —3.60 £ 0.05 63.1+0.20 -52.24+0.74 -151+2.14 -5.49+0.10 741 £0.12
9 —49.84 +1.00 -148 +2.97 -3.90+0.12 64.2 £ 0.04 -53.43+1.05 -152+2.99 -6.25+0.16 79.0 £ 0.05
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Fig. 3. Top: CD spectra of G-quadruplex DNA 1-9 in the presence of 150 mM Na* (left) and K* (right). Bottom: Mobility of G-quadruplex DNA 1-9 in K* (left) and Na* (right)

determined by native PAGE.

melting temperature (Ty,) of each DNA was determined by calcu-
lating the first derivative of its melting profile, representing the
temperature at which 50% G-quadruplex DNA dissociates into ran-
dom coils. The Ty, values were independent of DNA concentration
between 1 and 5 uM [13]. At the rate of heating (0.2 °C/min) no
apparent hysteresis between the melting and annealing profiles
was observed [13]. Representative melting profiles of G-quadru-
plex DNA 1-9 in 110 mM Na* or K* are shown in Fig. 2. All G-quad-
ruplex DNAs were more stable in K" than in Na*, which is
consistent with previous reports. In general, replacement of dA in
the loops with OxodA increased melting temperatures of the corre-
sponding G-quadruplex DNAs, suggesting their enhanced thermal
stability. Increase in melting temperatures was somewhat depen-
dent of the number and location of OxodA in the sequences. In
110 mM K*, the melting temperatures of DNA 2, 4, and 5 that con-
tain one OxodA at 5 position, loop 2, and loop 3, respectively
(Fig. 1), increased by 2.2-2.8 °C as compared to that of DNA 1. In
contrast, the melting temperature of DNA 3 containing OxodA in
loop 1 only had a 0.2 °C increment. DNA 6, 7, and 8 containing

two OxodAs had an increment of 1.9, 2.3, and 4.0 °C in melting
temperatures, respectively. It is noteworthy that DNA 8 without
OxodA in loop 1 had the highest stability amongst the three. The
most significant stabilization was observed for G-quadruplex
DNA 9 that contains three OxodA substitutions in the loop 1, 2,
and 3, respectively, showing an impressive 8.9 °C increment of its
melting temperature. The stabilization of G-quadruplex DNA by
OxodA in Na* was weaker than in K*. In 110 mM Na®, increase in
melting temperatures of G-quadruplex DNA 3-7 containing either
one or two OxodAs was negligible. DNA 3 even showed a slight
destabilization with a decrease in its melting temperature by
1.8 °C as compared to the control DNA 1. In Na*, only DNA 2, 8,
and 9 displayed noticeable thermal stabilization effect by OxodA.
More specifically, DNA 2 containing OxodA at 5' position and
DNA 8 containing OxodAs in loop 2 and 3 both had a 3.0 °C incre-
ment in their melting temperatures. DNA 9 containing three Oxo-
dAs in the loops increased its melting temperature by 4.1 °C as
compared with DNA 1. The thermodynamic values were derived
from van’t Hoff analysis of the melting profiles [12] and these are
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summarized in Table 1. The values are comparable with those pre-
viously reported for intramolecular quadruplex DNA, which are
typically between 15 and 24 kcal/mol per quartet [14].

3.2. Conformational studies of G-quadruplex containing OxodA by CD
and PAGE

The unexpected thermal stabilization effect of OxodA on telo-
meric G-quadruplex DNA prompted us to further investigate the
conformation of G-quadruplex DNA (1-9) in Na* and K" solution
using CD (Fig. 3). In the presence of 150 mM Na*, the CD spectra
of all the G-quadruplex DNA structures (1-9) showed a strong po-
sitive band at 295 nm and a strong negative band between 263 and
267 nm, a characteristic of an antiparallel G-quadruplex conforma-
tion [15], although the amplitudes of these peaks vary with respect
to different sequences. The intensity of the molar ellipticity of the
CD spectra suggests that the sequence may not form the same
amount of structured quadruplex [16]. Our observation suggested
that the presence of OxodA in the loops does not alter the topology
of telomeric G-quadruplex DNA in Na*. The conformational struc-
tures of telomeric G-quadruplex DNAs in K* are much more com-
plex as compared to those in Na*. In the presence of 150 mM KCl,
all G-quadruplex DNA (1-9) showed a strong positive peak around
288-293 nm with a different amplitude for each DNA. All DNAs ex-
cept for DNA 9 also showed a small negative peak at 235 nm. In
contrast, the CD spectrum of DNA 9 between 235-245 nm gave a
plateau. The shapes of CD spectra in the region of 240-260 nm rep-
resent the most distinct differences. For DNA 1, 2,4, 5,7 and 8, a
positive wave between 248 and 258 nm appeared as a shoulder
peak. In addition, DNA 2 showed another shoulder peak around
272 nm. Instead of a flat shoulder peak as DNA 1, DNA 3 displayed
a positive peak at 250 nm. It is noteworthy that DNA 3 also gave
the highest positive peak at 293 nm. DNA 6 showed a positive peak
at 247 nm and a small negative peak at 262 nm. DNA 9 displayed a
negative peak at 258 nm. The differences in the CD spectra de-
scribed above suggest various conformations of G-quadruplex
DNA 1-9 in K",

The conformations of DNA 1-9 were further determined using
native PAGE. Regardless of the cations in solution, all G-quadruplex
DNAs under our conditions formed a predominant conformational
structure because only one major band for each DNA was observed
(Fig. 3). In our experiments, the gel mobility of G-quadruplex DNA
1-9 in Na* was exactly the same, suggesting the same conforma-
tional structure that is consistent with the CD results. On the other
hand, clear differences in gel mobility of G-quadruplex 1-9 in K*
were observed (Fig. 3). DNA 4 and 6 had similar mobility to DNA
1. DNA 9 also moved slightly faster than DNA 1 while DNA 3, 5,
7, and 8 moved slower than DNA 1. DNA 5 had the least mobility
amongst all nine G-quadruplex DNAs. DNA 2 containing OxodA
at the 5’ end moved much faster than other DNAs that contain Ox-
odA in the loop(s). This variation in mobility suggests that the con-
formations of G-quadruplexes are different in K* solution.

3.3. Thermodynamic energies of G-quadruplex DNA containing OxodA
in the loops

The G-quadruplex sequences (Fig. 1) for calculations contain an
extra deoxythymidine (dT) at the 5’ position as compared to DNA
1. The high resolution G-quadruplex structure (pdb id: 2jsm) of
this sequence has been determined by NMR [17], which is used
as a reference in our calculations. The G-quadruplexes optimized
around adenine 20, 14, and 8 are designated as GQ20, GQ14, and
GQ8, respectively. The number represents the location of dA in
the sequence (Fig. 1). Each loop consists of a 5 TTA sequence.
When dA at position 8, 14, and 20 is replaced by OxodA, the corre-
sponding DNAs are named as GQ80A, GQ140A, and GQ200A,

Table 2
Reaction energies (in kcal/mol) for GQ20, GQ14, GQ8 at the ONIOM(B3LYP/6-
311++G(2d,p):UFF)//ONIOM(B3LPY/6-31G(d):UFF) level.

GQ AE; (kcal/mol)  AE; (kcal/mol)  AEs (kcal/mol)  AE4 (kcal/mol)

GQ20 1.3 -230.9 —238.8 —6.6
GQ14 2838 -182.4 -210.1 1.1
GQ8 314 - - -

GQ+0A — GQOA +A, AE;; GQ+K' — GQK", AE,; GQOA + K* — GQOAK" +A, AE;
GQK' + OA — GQOAK*+ A, AE,.

respectively. The potassium ion bound structures are labeled with
K" at the end of each name such as GQ20K*, GQ200AK", GQ14K",
and GQ140AK". Thermodynamic energies for all three loops with
or without K* binding are listed in Table 2. AE; represents the en-
ergy difference in G-quadruplex structures when OxodA replaces
dAin a single loop. AE; represents the energy difference in unmod-
ified G-quadruplex structures with and without K" binding. AEs
represents the energy difference in G-quadruplex structures con-
taining OxodA with and without K* binding. AE, represents the
overall energy difference between unmodified G-quadruplex DNA
and modified G-quadruplex DNA in the case of K* binding.

4. Discussion
4.1. OxodA in the loops stabilizes G-quadurplex DNA

Effect of native DNA lesions on G-quadruplex DNA received far
less attention as compared to that on duplex DNA. Available re-
ports so far are only limited to OxodG [8] and an abasic site mimic
[9,10]. We believe that it is necessary to extend such studies
because DNA lesions could have significant impact on biophysical
and biochemical properties of G-quadruplex DNA. In this study,
OxodA was chosen to replace dA in a human telomeric G-
quadruplex DNA sequence d[AG3(T»AGs)3] as it is a major oxida-
tion product of dA [18]. In our studies, OxodAs do not participate
in the G-quartet formation because dAs are only present in the
TTA loops of this G-quadruplex DNA.

Our results showed that the melting temperatures of G-
quadruplex DNAs are independent of DNA concentrations, clearly
indicating the formation of intramolecular G-quadruplex struc-
tures [12]. In addition, the melting and annealing curves showed
no hysteresis, suggesting that the association/dissociation pro-
cesses are at thermodynamic equilibrium [19]. Based on the
melting temperatures, the following trends can be derived: (1)
The presence of OxodA at 5 (DNA 2) stabilizes G-quadruplex
DNA. (2) The presence of OxodA in loop 1 (DNA 3), especially in
Na*, slightly destabilizes G-quadruplex DNA. (3) The presence of
OxodA in loop 2 and 3 (DNA 4, 5, and 8) stabilizes G-quadruplex
DNA. (4) The presence of OxodA in loop 2 and 3 dictates the stabil-
ity of G-quadruplex regardless of OxodA in loop 1 (DNA 6, 7,and 9).
Collectively, it can be concluded that OxodA in loop 2 and 3 en-
hances the stability of G-quadruplex DNA especially in the pres-
ence of K" but OxodA in loop 1 may slightly decrease the
stability of G-quadruplex DNA. The stabilization effect observed
by us is quite significant because only very small structural varia-
tion is present between dA and OxodA. Sugimoto and co-workers
reported a similar observation in which single base change in a
loop could have a drastic effect on G-quadruplex stability and
structure. However, in their study a TTA loop was changed into a
TTG loop and the experiments were conducted under molecular
crowding conditions [20]. The stabilization effect is more drastic
in K* solution than in Na* solution at the concentrations ranging
from 10 to 110 mM. The observations at 110 mM K" are particu-
larly important, as this is the physiologically relevant concentra-
tion in human cells.
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(© GQ200A

(D) GQ200AK*

Fig. 4. Optimized structures of G-quadruplexes in ONIOM(B3LYP/6-31G(d):UFF) level. (A) GQ20, G-quadruplex with residues 18T, 19T, and 20A are optimized at the QM level,
(B) GQ20K*, K* complexes with GQ20; (C) GQ200A, Adenine 20 mutated to OA; and (D) GQ200AK*, K* complexes with GQ200A. The positions of dAs are labeled on top of

sequences. OA = OxodA.

As shown in Table 1, thermodynamic values of DNA 2, 8 and 9 in
110 mM Na* suggest unfavorable enthalpy changes and enthalpy-
entropy compensation effects are present in all three cases. Only
these three DNAs are exclusively considered here because they dis-
play the stabilization effect in the presence of Na*. In 110 mM K",
thermodynamic values of all DNAs gave favorable enthalpy
changes but unfavorable entropy changes. The increased enthalpy
change values may originate from conformational changes that re-
sult in better stacking capacity between the G-quartets and/or the
loops. The decreased entropy change values may indicate more or-
ganized conformations formed in the presence of K*. The larger
enthalpic contribution that is accompanied by less flexibility,
maybe by forming more or ordered loop structures, has been pre-
viously observed [21,22]. Plausible explanation will be proposed
using computer modeling in the section below.

4.2. Conformations are different in Na* and K*
The stabilization effect of OxodA on G-quadruplex DNA men-

tioned above is striking because modified bases present in the
loops do not involve in the G-quartet formation that is believed

to be a predominant factor for stabilizing G-quadruplex DNA. Fur-
thermore, OxodA only has a very small structural variation as
compared to dA. How can such a seemly trivial variation in the
loops enhance the stability of G-quadruplex DNA? To address it,
we sought to make a comparison of the conformations of G-
quadruplex DNA 1-9 using circular dichroism, which is a conve-
nient means to survey the conformation of G-quadruplex with
similar structures. Incorporation of OxodA into any loop position
of the 22-mer d[AG3(T>AGs)s] did not alter its CD spectrum in NaCl
with two characteristic 295 and 265 nm peaks, indicating that all
DNA 1-9 in Na* fold into an antiparallel G-quadruplex conforma-
tion [23]. In addition, such a conformation should be predominant
in Na* because native PAGE results showed only one major band
with similar mobility for each DNA (Fig. 3).

The CD spectra of DNA 1-9 in K* are drastically different from
those in Na*. None of the G-quadruplex DNA shows the parallel
conformation that is commonly observed for the human telomeric
sequence of d[AG3(T,AGs3)3] because they all lack of a positive sig-
nal at 265 nm and a negative signal at 240 nm [15]. It is well-
known that intramolecular G-quadruplex DNA can have complex
conformations in K*. Chaires and co-workers reported that the
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structure of telomeric G-quadruplex in K* could be different from
the crystal structure based on sedimentation and fluorescence
studies [24]. Recent studies revealed several novel conformational
structures of telomeric G-quadruplex DNA in K*, implying that
telomeric G-quadruplex DNA may have a complex structure—
function relationship [7]. Sugiyama and coworkers proposed new
models of d[AG3(T2AGs)3] in K" solution [25]. Their CD spectra
are similar to ours, suggesting that our DNA 1-9 in K* exist as a
mixture of mixed-parallel/antiparallel and chair-type G-quadru-
plex. It is clear that OxodA in the loops promotes the formation
of different conformational structures of telomeric G-quadruplex
DNA in K. But the effect of OxodA on G-quadruplex conformations
in Na* is not significant. Further evidence for this conclusion comes
from the PAGE experiments. Since the DNA sequences used in our
study were the same length and had very close molecular weights
(only 1-3 oxygen atom difference), any mobility difference in PAGE
should result from the conformational differences. As shown in
Fig. 3, the mobility of DNA 1-9 in K" is clearly not uniform. It seems
that OxodA at the 5’ position of the DNA (DNA 2) makes it the high-
est mobility and OxodA present in loop 3 slows down the mobility
of the corresponding DNA (DNA 5, 7, and 8). Nevertheless, it is
necessary to point it out that no defined correlation between gel
mobility and CD spectra can be established at this point.

4.3. Possible stabilization factor elucidated by computer modeling

In light of the findings from our biophysical measurements, the
unusual stability of G-quadruplex DNA containing OxodA was fur-
ther analyzed using computational calculations. Representative
optimized structures for GQ20 and GQ200A (OxodA in loop 3)
and their K* complexes are presented in Fig. 4. The three loop re-
gions are shown as stick representation and labeled in Fig. 4(A).
The loop consisting of 18T, 19T and 20A forms a nice pocket with
three oxygen atoms from phosphates making electron density very
high. The hydrogen atom (H1’) on 20A is pointing toward the pock-
et. The mutation of 20A to OxodA will increase electron density in
the pocket, and introduce a new hydrogen atom on N7 that can
form hydrogen bonding with an oxygen atom in phosphate group
on 18T. Increasing electron density in the loop region will be a neg-
ative effect on stability but the extra hydrogen bonding could com-
pensate this repulsion to some extent. Based on these analyses, the
stability on mutation in this loop is decreased by 1.3 kcal/mol,
which is obviously contradictory to our observed stabilization ef-
fect. When the K* binding is considered; however, this mutation
gives a completely different picture. The binding energy of K* with
GQ200A is 7.9 kcal/mol larger than that with GQ20, indicating that
the mutation of 20A to OxodA generates a much better binding
pocket to K*. Overall, GQ200AK" is 6.6 kcal/mol more stable than
GQ20K*. This computational result is consistent with our experi-
mental data that stabilization by OxodA is most significant in the
presence of K*. The less stabilization effect in the presence of Na*
in part because the binding of the mutated pocket to Na* may
not be as fit as to K*.

Adenines in other loops are also replaced by OxodAs for similar
calculations. Adenine 14A (in loop 2) is located in the loop forming
a major groove and does not form a well-defined pocket. Also,
there are hydrogen bondings between 12T and 14A base pairs.
On substitution of 14A with OxodA, the base pair loses one
hydrogen bonding interaction and introduces new repulsions
between the two hydrogens on OA and 12T. All these negative ef-
fects of the substitution destabilize 28.8 kcal/mol. However, the
binding energy of K" with GQ140A (OxodA in loop 2) is
27.7 kcal/mol stronger than with GQ14; therefore, the overall
stability of GQ14K" over GQ140AK" is 1.1 kcal/mol in the model
system. In real K* solution, such a small stabilization energy could
be easily surpassed and the trend of stability may be reversed

because more K* cations can interact with this loop and the 08
of OxodA can enhance coordination with multiple K*, making
GQ140AK" more stable than GQ14K". The last mutation we tested
in the model system was 8A (GQ8), and the destabilization by sub-
stitution (GQ80A, OxodA in loop 1) was 31.4 kcal/mol that is even
larger than GQ14. The bases on the loop were not ordered, and the
binding complex with K was not located at the level of theory
applied. This result is also consistent with our thermal denatur-
ation data that the presence of OxodA in loop 1 slightly destabilizes
G-quadruplex DNAs.

Based on the computational results, plausible factors for G-
quadruplex stabilization effect by OxodA are drawn as follows:
the stabilization of G-quadruplex DNA when OxodA is present in
loop 2 and 3 may result from the tight binding of cations in the
pocket. Binding of K* to loop 1 containing OxodA seems not plau-
sible and the enhanced electron density results in a destabilization
effect without the compensation from K* binding.

5. Conclusions

In summary, the stabilization of G-quadruplex DNA by OxodA
present in the loops in the presence of monovalent cations (Na*
and K*) was characterized using biophysical methods and plausible
stabilization factors were elucidated using computer modeling. It
is necessary to point it out that other stabilization factors such as
molecular flexibility around OxodA and base-pairing interactions
of OxodA with neighboring nucleobases are plausible. Our studies
are in line with previous reports that the nature of the loops plays a
key role in determining the topology and stability of G-quadru-
plexes. Reported here is the first example of G-quadruplex stabil-
ization by a native DNA lesion, which warrants further
investigation.
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