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8-Oxoguanine Forms Quartets with a Large Central Cavity
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ABSTRACT: Oxidation of a guanine nucleotide in DNA yields an 8- OXIDATIVE

oxoguanine nucleotide (**°G) and is a mutagenic event in the genome. STRESS HN\

Due to different arrangements of hydrogen-bond donors and =

acceptors, “°G can affect the secondary structure of nucleic acids. Q9/\N L Mhg 5

We have investigated base pairing preferences of *°G in the core of a E oy o#o O )

tetrahelical G-quadruplex structure, adopted by analogues of d- H’Nm/l\’l o fb’l

(TG,T). Using spectroscopic methods, we have shown that G- = N PO

quartets can be fully substituted with *°G nucleobases to form an NKN‘H '''''' o E How

°G-quartet with a revamped hydrogen-bonding scheme. While an = < o..,,‘_,H‘N)\\&YO

“*°G-quartet can be incorporated into the G-quadruplex core without Ho =N N

distorting the phosphodiester backbone, larger dimensions of the H

central cavity change the cation localization and exchange properties.

B INTRODUCTION stability of G-quadruplexes can affect cellular processes such as
18—20

replication, transcription, and telomere maintenance.

Our recent studies revealed that the introduction of a single
G into G-rich constructs originating from human telomeres
and oncogene promoter re§ions does not necessarily prevent
G-quadruplex formation.'**'
accompany “*°G incorporation. Certain positions were found
to tolerate “°G substitutions while retaining the original G-
quadruplex topology. Alternatively, substitutions with “°G
induced changes in strand directionality and/or rearrange-
ments in G-quadruplex loops."” Both scenarios resulted in
suboptimal hydrogen bonding of **°G and a substantial
reduction of thermal stability.”' However, in the third scenario,
G was displaced from the G-quadruplex core and formed

Guanine-rich repeats are abundant in telomeres and promoter
regions of genomes, where they can form non-B DNA
structures.” Four guanines can form a G-quartet, stabilized
by hydrogen bonds in the Hoogsteen geometry. G-quartets
stack with each other to form the core of a G-quadruplex. In
tetrameric G-quadruplexes, four oligonucleotides adopt parallel
or antiparallel directionalities, and guanine nucleotides adopt
either anti or syn conformations.”

Guanine has the lowest redox potential of the four
nucleobases found in vivo and is thus most likely to get
oxidized. G-rich repeats are even more susceptible to
oxidation.” Reactive oxygen species (ROS), which are a
byproduct of cellular respiration, can induce oxidation of the
guanine moiety to yield 8-oxoguanine nucleotides (°°G),
among other oxidation products.”® It is believed that G-rich
regions act as oxidation sinks, thus serving as DNA damage

67 o . o
reservoirs.”’ ®°G can pair with both adenine and cytosine in a

oxo . . .
DNA duplex and thus cause G to T transverse mutations.” G in a simple G-quadruplex model system without
When paired with adenine, ®°G adopts the syn conformation interference of loop interactions. A model system was chosen
)

in B-DNA duplexes as shown by NMR,® X-ray diffraction, to discern the effects of *°G incorporation that originate from
specific stacking and/or hydrogen bonding between **°G and

adjacent G nucleotides. For this purpose, we utilized the
d(TG,T) oligonucleotide, which forms a parallel tetrameric G-
quadruplex with four G-quartet planes and thymine overhangs

Three scenarios were found to

well-stacked (wobble) base pairs with loop nucleotides, which
enhanced the thermal stability of the G-quadruplex structure.

This work focuses on the evaluation of structural effects and
changes in thermal stability caused by the incorporation of

and molecular dynamics."’ Similarly, *°G adopts the syn
conformation in G-quadruplexes originating from human
telomeres, leading to structure reorganization.12’13 G has
recently been found to accumulate in enhancer regions of the

human genome, with the oxidized enhancers also being

enriched with G-quadruplex structures."* However, we are Received: August 17, 2022
far from understanding how the incorporation of ®°G into G- Revised:  September 26, 2022
rich oligonucleotides affects the formation of G-quadruplexes Published: October 19, 2022

and their thermal stability.'"”'*'*™"7 Since G-quadruplex
forming sequences are found in regulatory regions of the
genome and in telomeres, a change in the structure and/or
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on 5’ and 3’ ends.””*’ It was previously shown that G to *°G
substitutions within d(TG,T) generally decrease the thermal
stability of G-quadruplex structures in a Na* cation solution;
however, when substituting the third guanine position in
d(TG,T), a slight increase in thermal stability of the G-
quadruplex structure was observed.> Mixed “°G-G quartets
could be achieved either by reversal of directionality of two
strands resulting in antiparallel G-quadruplexes or by slipping
of two strands, while retaining the parallel topology. Our initial
hypothesis was that mixed quartets, including both G and *°G
nucleotides, would induce less perturbations in the structure
and be preferred over quartets composed exclusively of “°G.
The affinity of “°G for the syn glycosidic conformation could
favor strand reversal and influence stacking interactions within
individual strands.

B EXPERIMENTAL DETAILS

Oligonucleotide Synthesis and Sample Preparation.
Oligonucleotides were synthesized using a DNA/RNA H-8
Synthesizer (K&A Laborgerite) operating on the phosphor-
amidite chemistry principle and using nucleotide phosphor-
amidites obtained from Glen Research. All oligonucleotides
were synthesized with DMT protecting group. Deprotection
and deblocking were achieved with ammonium hydroxide and
methylamine in a 1:1 (v/v) ratio for 30 min at room
temperature and 30 min at 65 °C. Samples were purified using
GlenPak cartridges and desalted on FPLC with a HiPrep 26/
10 Desalting column (GE Healthcare). Samples were dried
using a vacuum centrifuge and dissolved in 1 mL of deionized
water and dialyzed against 110 mM NaCl or KCI overnight.
After dialysis, *H,O was added to a final 10% concentration.
Solutions were buffered at pH 7 using either NaPi for Na*
solution or KPi for K" solution. The oligonucleotide solutions
were heated to 95 °C for S min and left to cool at room
temperature. For mixed Na*/K" cation samples, 100 mM KCl
samples were diluted 2-fold and sodium chloride solution and
’H,0 were added to a final concentration of 50 mM NaCl, 50
mM KCL § mM KPi pH 7, and 90%/10% 'H,0/*H,0.
Concentration of monomers in solution was determined by
UV spectrophotometry using a Varian Cary 100 Bio UV/VIS
spectrophotometer at a wavelength of 260 nm, using the
extinction coefficient & 57,800 M™! cm™ for all
oligonucleotides. The extinction coefficient was determined
by the nearest neighbor method. The concentration of
oligonucleotides per strand was between 0.5 and 1.0 mM.

CD Spectroscopy. NMR samples of ODN2-5 in a mixture
of 50 mM NaCl and 50 mM KCl were kept at NMR
concentration and their CD spectra were recorded on a
Chirascan CD spectrometer (Applied Photophysics) at 25 °C.
Spectra were recorded at wavelengths from 220 to 320 nm
with a 0.1 mm cell length in 10 parallels.

UV Melting. We diluted 30 yL of Na*/K"* NMR sample in
970 uL of buffer solution (S0 mM NaCl, S0 mM KCl, § mM
potassium phosphate, pH 7). We recorded absorbance at 260
nm wavelength from 15 to 95 °C, with a temperature gradient
of 0.5 °C/min and sampling at every 0.1 °C. We determined
the first-order derivatives using Origin 2018.

NMR Spectroscopy. NMR data were collected on Bruker
Avance NEO 600 and 800 MHz NMR spectrometers. One-
dimensional (1D) and two-dimensional (2D) NMR spectra
were acquired using excitation sculpting to achieve solvent
suppression.
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Molecular Dynamics. Molecular dynamics calculations
were performed with the AMBER 20 software using the
f99bsc0 force field and ¢/{OL1 and yOL4 modifications.
Force field parameters for “°G nucleotides were obtained from
the R.E.D. Server. Calculations were started from initial linear
structures obtained with the LEAP module of AMBER 20. A
total of 100 structures were obtained in 1 ns restrained
simulated annealing simulations using the Born implicit solvent
model with random starting velocities. Restraints included
hydrogen-bond distances in G- and “*°G-quartets and y torsion
angles. Force constants were 20 kcal-mol™"-A™* for hydrogen
bonds and 200 kcal'mol™"-rad ™ for torsion angles. In the first
200 ps, the temperature was held at 1000 K. The temperature
was decreased to 300 K in the following 400 ps and further
decreased to 0 K in the last 400 ps. Ten structures were
selected based on lowest energy and used for further analysis.

DFT Geometry Optimization. DFT geometry optimiza-
tion was performed with ORCA utilizing gCP geometrical
counterpoise correction,”* D3BJ atom-pairwise dispersion
correction with the Becke—Johnson damping scheme, >
the def2-mSVP basis set, def2/] auxiliary basis set,”” and
employing the PBEh-3c composite approach.”® An implicit
water model was included using the CPCM method.”” The
°G-quartet was first generated in Avogadro and converted to
an ORCA input file. The ORCA output structures were
analyzed using UCSF Chimera.”

B RESULTS AND DISCUSSION

°*°G Analogues of d(TG,T) Form Parallel G-Quad-
ruplexes. Analysis of imino regions of 'H NMR spectra
characteristic for Hoogsteen hydrogen bonding of °*G
analogues of d(TG,T) (designated as ODN2-S) reveals their
folding into G-quadruplex structures in the presence of Na*
and/or K* ions (Figures 1 and 2). Notably, an ®°G nucleobase
gives rise to a pair of imino resonances due to protons attached
to both N1 and N7. H7 resonances of “°Gs are generally
found downfield from the corresponding H1 resonances most
likely due to the deshielding effect of the adjacent carbonyl
group. Folding in the presence of 100 mM NacCl is slow and

3
T6
G5 Sequence Name 'I:m, [°C]
o 5-d(TGGG*°GT)-3 ODN5 > 95
5-d(TGG*°GGT)-3 ODN4 82+1
G3 5-d(TG*GGGT)-3’ ODN3 91+1
o2 5-d(T**GGGGT)-3 ODN2 > 95

Figure 1. Schematic representation of the topology of the G-
quadruplex adopted by d(TG,T). White spheres depict thymine
nucleotides. Gray rectangles and black spheres are used to depict
guanine nucleotides involved in G-quartets. Numbering of nucleotides
is indicated along the right side of the scheme. Sequences, names used
in this study, and temperatures of unfolding of **°G analogues are
presented in the table. T is the apparent midpoint of the thermal
unfolding absorbance curve of a tetramolecular G-quadruplex.
Oligonucleotides were dissolved in 50 mM KCI, 50 mM NaCl, 5
mM KPi, pH 7. The concentration of oligonucleotides was between 8
and 12 uM per strand.
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Figure 2. Imino regions of 1D "H NMR spectra of ODN2-5 at 25 °C in the presence of 100 mM NaCl, 100 mM KCl, and a mixture of 50 mM
NaCl and 50 mM KCI in 90%/10% H,0/*H,0. Solutions were buffered at pH 7 with 10 mM NaPi (in the case of Na* cation solution), 10 mM
KPi (in the case of K* cation solution), or S mM KPi (in the case of mixed Na* and K" cation solution). The concentration of oligonucleotides
ranged from 0.3 to 1.0 mM per strand. All spectra presented in this figure were recorded 48 h after addition of salt(s).

significant amounts of oligonucleotides remained unfolded
even after several days of incubation at room temperature
(Figure S1). On the other hand, folding of ODN2-$ in the
presence of 100 mM KCl is fast (within minutes) (Figure S2).
Interestingly, spectra of ODN3 and ODN4 in the presence of
K" cations give rise to two sets of some imino, aromatic and
deoxyribose 'H resonances (Figures 2 and S2), which suggests
that two major species coexist in solution and are involved in
slow exchange on the NMR chemical shift timescale (Figure
S3). At 25 °C the ratio of signal integrals between imino
resonances of the two species in ODN3 is 1:2, while it is 1:1 in
ODN4. However, at higher temperatures, the resolved sets of
two resonances coalesce as the exchange between the two
species is accelerated (Figure S4).

Dissolving ODN2-5 in a mixed salt solution of 50 mM NaCl
and 50 mM KCI gives best NMR spectral quality with
complete and fast folding into G-quadruplex structures.
Furthermore, the split resonances in ODN3 and ODN4
coalesced (Figure 2). Therefore, we have attributed the signal
splitting in ODN3 and ODN4 to two long-lived localization
modes of K cations in the vicinity of ®°G nucleotides. It is
noteworthy that broadening of ““°G3’s imino resonances is
observed in spectra of ODN3 under these conditions.
Interestingly, the effect of Na* cations could not be replicated
by adding NH," cations as no resolving of the split resonances
was observed in ODN3 and ODN4 (Figure SS). Furthermore,
resolving of the split resonances was also achieved with the
addition of Cs* cations to ODN3 and ODN4 G-quadruplexes
in a K cation solution. Only imino resonances belonging to
G protons show considerable chemical shift differences after
addition of Cs*, indicating that Cs" must localize in the vicinity
of “°Gs. (Figure S6). Due to their favorable spectral
properties, G-quadruplexes of ODN2-5 dissolved in a mixture
of 50 mM NaCl and 50 mM KCI were chosen for further
characterization. Low-intensity imino resonances (<5%) were
also noted in NMR spectra of ODN2-5, but could not be
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characterized in detail due to the low population of these
minor species.

The stability of G-quadruplexes was evaluated with UV
melting experiments of ODN2-5 in a mixture of 50 mM NaCl
and 50 mM KCl (Figures 1 and S7). The UV melting profile of
ODN2 does not exhibit signs of unfolding at up to 95 °C.
Similarly, only initial indications of unfolding can be observed
close to 95 °C for ODNS. This is consistent with the high
thermal stability of the parent d(TG,T), G-quadruplex, which
showed no signs of unfolding up to 90 °C in a 110 mM KCl
solution."> On the other hand, the thermal stabilities of ODN3
and ODN4 are lower with T, values of 91 and 82 °C,
respectively.

A detailed structural analysis of G-quadruplexes adopted by
ODN2-5 was undertaken with a set of NMR experiments.
Imino, aromatic, methyl, and well-resolved deoxyribose proton
resonances in NOESY spectra of ODN2-§ in the presence of
100 mM NaCl, 100 mM KCIl, and a mixture of S0 mM NaCl
and S0 mM KCl were assigned (Figure 3). Sequential walks
can be traced in aromatic-anomeric regions of NOESY spectra
for ODN2-S regardless of the type of cations present in
solution and exhibit similar connectivity patterns suggesting
that all G-quadruplexes adopt the same topology. Furthermore,
the two major species observed in solutions of ODN3 and
ODN4 in the presence of K" cations exhibit identical NOE
cross-peak patterns, which is in agreement with our rationale
that the two species differ only in K* cation localization.

Intensities of intra-residual cross-peaks in NOESY spectra of
ODN2-5 correspond to all G and T nucleotides adopting the
anti conformation, which is typical for parallel G-quadruplexes
(data for ODN4 is shown as an example in Figure 3). As
expected, sequential walks for ODN2-5 are interrupted at “°G
positions due to absence of aromatic H8 protons. Con-
sequently, we were not able to directly determine the
preference for syn or anti conformations of “°G based on
the intensity of “°G;H1'-H8 cross-peaks in NOESY spectra
alone. Therefore, we resorted to the analysis of chemical shifts
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Figure 3. Selected regions of a NOESY spectrum of ODN4. (A)
Aromatic-anomeric, (B) imino-imino, and (C) imino-aromatic
regions of a NOESY spectrum (7,, = 250 ms) in the presence of SO
mM NaCl and 50 mM KCI, 5 mM KPj, pH 7, 90/10% H,0/*H,0.
The concentration of ODN4 was 0.3 mM per strand. The sequential
walk, interrupted between G3 and ®°G4, is depicted in (A) with intra-
nucleotide cross-peaks annotated.

of H2' and C2’ nuclei (Figures S8 and S9). In ODN2-S, H2'
resonances of “°Gs are shifted downfield (§ 3.1-3.5 ppm)
compared to Gs (§ 2.2—2.6 ppm). Furthermore, C2’
resonances of “°Gs are shifted upfield (6 32.3—35.3 ppm)
compared to Gs (6 37.5—39.8 ppm). This is in agreement with
chemical shifts for 8-substituted purine nucleosides in the syn
conformation,®’ and suggests that all G nucleotides in
ODN2-5 are in the syn conformation. Interestingly, intense
cross-peaks can be observed in NOESY spectra of ODN2-5
between anomeric protons of “°Gs and aromatic protons of
subsequent nucleotides [i.e.,, “°GH1"-G;,,)H8] (Figure 3A).
Furthermore, amino protons of “°Gs are found to be
isochronous at 25 °C and with their chemical shifts in the
range from 6 6.1 to 6.5 ppm (Figure S10), suggesting they are
not involved in hydrogen bonds.

In the imino-imino regions of NOESY spectra only
sequential connectivities are observed (Figure 3B) and the
imino-aromatic regions exhibit G;H1-G(;H8 cross-peaks
(Figure 3C), both of which are in agreement with the parallel
G-quadruplex topology. Additionally, G NH,-G;_)H8
(Figure 3A) and “°G»H1-G(;_;)H8 (Figure 3C) cross-peaks
are observed in NOESY spectra of ODN2-S. However, due to
the symmetry of ODN2-5 G-quadruplexes, it is ambiguous if
these cross-peaks are of intra- or interstrand nature.

°*°G nucleobases Exhibit a Distinct Intra-Quartet
Hydrogen-Bonding Scheme. The hydrogen-bonding net-
work of G nucleotides within G-quadruplex structures was
determined via analysis of NOE connectivities. Upfield
chemical shifts of amino protons of ®°Gs (vide supra) suggest
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that they are not hydrogen-bond donors. On the other hand,
downfield shifted narrow H1 and H7 resonances of G
suggest that both protons are protected from exchange with
bulk solvent and involved in hydrogen bonds. We observe
intense NOE cross-peaks between H1 and H7 of ®°Gs (Figure
3B). Such cross-peaks cannot arise from intra-nucleotide
correlations due to the large distance between H1 and H7
within the “°G nucleobase (cca. 5.0 A). ®°Gs also cannot be
positioned in different G-quartet planes as this would result in
a minimum plane separation distance of 3.4 A. Furthermore,
“°Gs in different quartet planes is not in agreement with the
NMR data, which shows the formation of symmetrical parallel
G-quadruplexes. However, a simple model with a planar
arrangement of four G nucleobases exhibits short H1 to H7
distances (cca. 2.3 A), which is in agreement with collected
NMR data. Their interpretation led us to propose the
formation of an “*°G-quartet, comprised of four °*G
nucleobases, connected via hydrogen bonds N1-HI--O8
and N7—H7--06 (Figure 4A). The same hydrogen-bonding
arrangement was already proposed for helix-forming lipophilic
8-oxoguanine derivatives.””

A detailed model of an **°G-quartet, formed by four 9-
methyl-8-oxoguanines, was obtained via DFT optimization
(using the def2-mSVP basis set and PBEh-3c method).
Simulations were carried out without cations and with either
a Na® or a K* cation in-plane and in-line with the ion cavity of
the “°G-quartet. During the optimization planarity of the *°G-
quartet was constrained to prevent any out-of-plane movement
of the nucleobases. Selected distances in the energy-optimized
*°G-quartet geometries are summarized in Table 1. To assess
the size of the central cavity of the “°G-quartet, we measured
the distances between carbonyl group O6 atoms of the
neighboring 9-methyl-8-oxoguanines (Figure 4A). The dis-
tance ranges from 3.72 A, when a Na* cation is positioned in
the plane of the “°G-quartet, to 4.04 A, when no cation is
present.

The distance between diagonally opposite O6 atoms in the
°G-quartet ranges from 5.27 to 5.72 A. In comparison, the
average distance between diagonally opposite O6 atoms in G-
quartets (PDB: 352D33) amounts to 4.50 A. Taking into
account the van der Waals radii of the O6 atoms, a sphere with
a maximum diameter of 2.68 and 1.46 A is able to fit into the
*°G-quartet and G-quartet cavity, respectively (Figure 4B,C).
Hydrogen-bond distances are less variable between the
optimized geometries, with a maximum difference between
the distances of the N1—H1---O8 hydrogen bond amounting
to 0.04 A. A comparison of space-filling models of a G-quartet
(PDB: 352D%) and a DFT-optimized “°G-quartet is shown in
Figure 4, demonstrating the larger central cavity of the G-
quartet.

Using the optimized geometry of the “°G-quartet, we have
performed atomistic simulations of ODN2-5 G-quadruplexes
using a simulated annealing protocol. Since ODN2-5 G-
quadruplexes exhibit fourfold symmetry, we were unable to
unambiguously determine inter- or intra-nucleotide nature of
certain NMR distance constraints. Therefore, we only included
hydrogen-bond distance and glycosidic torsion angle restraints
in simulated annealing calculations. Good convergence was
achieved over 100 runs of simulated annealing (Figure 4D and
Table S1). Calculations resulted in parallel, right-handed G-
quadruplex structures, with G and “°G nucleotides in anti and
syn conformations, respectively. Efficient stacking of six-
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Figure 4. Structural insights into *°G-quartets. (A) Schematic presentation of an *°G-quartet with hydrogen bonds shown as red dashed lines,
distance between neighboring O6 atoms and numbering of oxygen and nitrogen atoms, participating in hydrogen bonding. Space-filling model of
(B) a G-quartet (PDB ID: 352D) and (C) DFT-optimized quartet of 9-methyl-8-oxoguanines. A comparison of the maximum diameter of a sphere
that fits the cavities of the G-quartet (diameter of 1.46 A) and “°G-quartet (diameter of 2.68 A) is shown in (B) and (C), respectively. (D)
Superposition of ten lowest-energy structures of ODN4 obtained with simulated annealing. Thymine nucleotides are omitted for clarity. Stacking of
an “°G-quartet (red) with adjacent (E) S’ or (F) 3’ G-quartets (gray) in the lowest-energy structure of ODN4.

Table 1. Structural Details of DFT-Optimized ***G-Quartets

No M* (A) K" (A) Na* (A)
N1-H1.-08" 1.92 191 1.88
N7-H7--06" 1.76 1.75 1.74
N1--08” 2.95 2.93 2.90
N7--06” 2.78 278 2.76
neighboring 06—06° 4.04 3.87 3.72
diagonal 06—06 572 5.47 527

“Distances in DFT-optimized ®*°G-quartets without cations and with
a Na* or K' cation positioned in the center of the ®°G-quartet plane.
DFT optimization was done using the PBEh-3c method and the def2-
mSVP basis set. Distance between hydrogen atom and hydrogen-bond
acceptor. “Distance between hydrogen-bond donor and hydrogen-
bond acceptor. “Distance between the O6 atoms of two neighboring
9-methyl-8-oxoguanines. “Distance between the 06 atoms of the two
diagonally opposite 9-methyl-8-oxoguanines.

membered rings of “°G;) and G(;_) nucleobases is observed in
all structures (Figure 4E and Table 2). On the other hand, only
partial stacking of five-membered rings can be observed
between “°Gg and Gy, nucleobases, resulting in a much
lower stacking surface (Figure 4F and Table 2). *°G has an
effect on the rise and twist, with the “°G)-Gyy) step
exhibiting a larger rise parameter compared to the rest of the
structure and the twist being considerably larger for the steps
which include the ®°G nucleotide (Table 2).

Specific stacking of **°G nucleobases is reflected in CD
spectra of ODN2-S (Figure S). ODN2 and ODNS with
terminal “°G-quartets exhibit CD maxima at 265 and 270 nm,
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Table 2. Three Different Nucleotide Steps in ODN2-5

stacking surface” [A*] rise [A] twist [°]
G ™Gy 679 + 1.52 294+ 023 2623 + 669
G -Gy 159 & 1.17 3214031 2652 %537
G-GY 422 + 1.62 297 + 0.14 21.95 + 4.60

“Average rise, twist and stacking surface with standard deviation in
the 10 lowest-energy MD structures. Stacking surface includes
exocyclic atoms. bAverage of all G—G steps in ODN2-§ structures.

40+

-104

260 280 300 320
A [nm]

220 240

Figure S. CD spectra of ODN2-$ in the presence of S0 mM NaCl, 50
mM KCI, and 5 mM KPi, pH 7. DNA concentrations were 0.5 mM
per strand.

respectively. On the other hand, CD spectra of ODN3 and
ODN4, with ““G-quartets sandwiched between G-quartets,
exhibit two maxima at 240 and 275 nm. Interestingly, a
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shoulder is present in the CD spectrum of ODN2 above 300
nm, which may point to DNA condensation into higher-
ordered structures.>*

Oxidation of G to *°G leads to a rearrangement of
hydrogen-bond donors and acceptors on the Hoogsteen edge
of the nucleobase. The newly protonated N7 precludes the
formation of the N2—H2--N7 hydrogen bond found in
canonical G-quartets. Our previous study showed that a single
%G lesion in a G-quartet can be tolerated, with the O6 of *°G
serving as a hydrogen-bond acceptor for a bifurcated hydrogen
bond with the neighboring guanine.13 Furthermore, G-quartet
formation was not hindered when an ***G was hydrogen-
bonded with a neighboring xanthine.'” Here, we show that an
X°G-quartet can also be a stable structural element within the
G-quadruplex core with H7 as a hydrogen-bond donor.

While the planar “°G-quartet stacks well with an adjacent 5’
G-quartet, stacking with a 3’ G-quartet is less efficient, as
conferred through analysis of stacking surfaces. Nevertheless,
G-quadruplexes with 5’- and 3’-terminal “*°G-quartets in
ODN2 and ODNS, respectively, are more thermally stable
than ODN3 and ODN4 with an “*°G-quartet sandwiched
between two G-quartets. This is also reflected in differences in
CD spectra of ODN2 and ODNS versus ODN3 and ODN4
and is likely related to less constrained positioning of G at
5'- and 3'-termini of the G-quadruplex core.”

Since the anti conformation is unfavorable for nucleotides
with a (bulky) substituent at position 8 (e.g, “°G), it is not
surprising that the **°G-quartet features an all-syn arrangement.
Interestingly, d(TG,T), was reported to exhibit 15% of 5’-end
G-quartets in all-syn orientation.”® A study has shown that a
slow dynamic interconversion between all-syn and all-anti G-
quartets is possible without disrupting the whole G-quadruplex
core.”” This is not the case here with ODN2-5 where no syn-
anti flipping of nucleobases could be detected. However,
perturbations in the hydrogen-bond network cause mutual
repositioning of “°G nucleobases. Using DFT optimization, we
showed that “°G-quartets exhibit a central cavity, with a 4.04 A
distance between O6 atoms of two neighboring 9-methyl-8-
oxoguanines. For comparison, the average O6—06 distance in
G-quartets is 3.15 A, which makes the central cavity in *°G-
quartets considerably larger. Studies of crystal structures
showed that K" cations localize equidistantly between two
G-quartet planes.”®*” On the other hand, due to their smaller
ionic radius, Na* cations can localize in a G-quartet plane or
any distance between two planes.”> However, due to the larger
cavity in the center of an **°G-quartet and only minor
differences in H-bond lengths and neighboring carbonyl
distances the absence or presence of different cations, an in-
plane localization of Na* as well as K" cations is feasible.
Furthermore, due to reduced steric restrictions cation
movement through the “°G-quartet plane is expected to be
faster (i.e., exchange between binding sites).

We have observed that in the presence of K* cations alone,
two structures were present in solution for ODN3 and ODN4
at 25 °C, which were shown with 2D ROESY spectra to be in
slow exchange (Figure S3). At 25 °C, the maximum chemical
shift difference between a pair of doubled resonances
(“°G3H7 in ODN3) at a magnetic field of an 800 MHz
spectrometer is 0.34 ppm, which corresponds to a lifetime of
3.6 ms. We have eliminated the possibility of switching of the
glycosidic conformation or sugar-repuckering of “°G nucleo-
tides, since no relevant cross-peaks could be observed in
NOESY or DQF-COSY/TOCSY experiments. We have also
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eliminated the possibility of tautomerism of the 8-oxoguanine
moiety. Chemical shifts and intensities of the imino proton
resonances are pH-independent, which does not support the
formation of an 8-hydroxy tautomer (Figure S11). In full
agreement, quantum mechanical studies showed that the 8-
keto tautomer is predominant.40 Instead, we propose that the
two species of ODN3 and ODN4 differ in K" cation
localization. This is in agreement with the millisecond lifetimes
of ammonium ions bound within the d(TG,T) G-quad-
ruplex.”” K* cations may localize either between an ®°G and a
G-quartet or in an “°G-quartet plane (Figure 6). Due to

A B

Na @ K

Figure 6. Proposed localization of Na* and K' cations within the
ODN4 G-quadruplex. K* cation may localize in between the quartet
planes (A) or in an *°G-quartet plane (B). Mixed Na*/K* form (C)
could exhibit in-plane bound Na™ cations. Unbroken and broken lines
represent G-quartets and **°G-quartets, respectively.

mutual Coulombic repulsion, one K* cation could be ejected
from the G-quadruplex structure. Nevertheless, in-plane K*
localization appears to be suboptimal since the addition of
smaller size Na* cations to existing solutions of ODN3 and
ODN4 with K* leads to resolution of doubled resonances in
'H spectra. The addition of Na* cations likely eliminates K*
movement by preferential localization of Na* in-plane of *°G-
quartets. Interestingly, the same effect was observed with the
addition of Cs* cations. However, binding of the considerably
larger (with respect to Na* and K*) Cs* cation is expected
between a G-quartet and “*°G-quartet plane (vide supra). In
ODN2 and ODNS, where *°G-quartets are positioned at the
5’- and 3'-termini of the G-quadruplex core, K" cation
movement is fast at temperatures as low as 5 °C and only
single sets of NMR resonances can be observed (Figure S12).
NMR spectra of ODN2 and ODNS did not show any
significant differences after the addition of Na* cations, except
for minor changes in imino proton chemical shifts and
resonance linewidths (Figure 2).

Based on the results reported herein and on previous studies
of the effect of “°G incorporation on the structure and stability
of G-quadruplexes,'”*" *°G may act as a cryptic lesion in the
context of G-rich regions without the presence of a
complementary strand. Proposed pathways of “°G repair in
double-stranded G-rich DNA also stipulate that *°G is not
destabilizing enough to promote a duplex-to-quadruplex
transition. Destabilization of the duplex and transition to a
G-quadruplex is thought to occur after excision of ®°G via the
actia?420f the glycosylase OGG1, which yields an abasic
site.”’

Oxidative damage in vivo is highly unlikely to introduce
more than a single *°G lesion within short DNA stretches
needed for one G-quadruplex unit."”’ However, the d(TG,T),
model system demonstrates how redistribution of hydrogen-
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bond donors and acceptors affects the structure of nucleic
acids, which can also have a functional effect. For instance,
siphoviruses use aminoadenine instead of adenine in their
genome, therefore having three hydrogen bonds in the
aminoadenine—thymine base pair, and have a DNA polymer-
ase that 4preferentially selects aminoadenine for a thymine
template.” Since G is a DNA lesion frequently occurring
alongside pathophysiological changes,”*® insights into the
effect of guanine oxidation on structural changes of nucleic
acids in functionally important genome regions could reveal
possible disease origins.

B ASSOCIATED CONTENT

© Supporting Information

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.biochem.2c00478.

Additional 1D and 2D NMR spectra, UV melting curves,
and lowest-energy structures RMSD values (PDF)

B AUTHOR INFORMATION

Corresponding Author
Janez Plavec — Slovenian NMR Centre, National Institute of
Chemistry, 1000 Ljubljana, Slovenia; Faculty of Chemistry
and Chemical Technology, University of Ljubljana, 1000
Ljubljana, Slovenia; EN-FIST Centre of Excellence, 1000
Ljubljana, Slovenia; ® orcid.org/0000-0003-1570-8602;
Email: janez.plavec@ki.si

Authors

Simon Aleksic — Slovenian NMR Centre, National Institute of
Chemistry, 1000 Ljubljana, Slovenia; Faculty of Chemistry
and Chemical Technology, University of Ljubljana, 1000
Ljubljana, Slovenia; ® orcid.org/0000-0002-1214-4859

Peter Podbevsek — Slovenian NMR Centre, National Institute
of Chemistry, 1000 Ljubljana, Slovenia; © orcid.org/0000-
0002-2563-4507

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.biochem.2c00478

Author Contributions

The manuscript was written through contributions of all
authors. All authors have given approval to the final version of
the manuscript

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

This project is part of the PhD “Structural changes of oxidized
guanine-rich genomic regions” supported by CERIC-ERIC,
and the Slovenian Research Agency—ARRS grant no. PI-
0242.

B REFERENCES

(1) Marsico, G.; Chambers, V. S.; Sahakyan, A. B.; McCauley, P.;
Boutell, J. M.; Di Antonio, M.; Balasubramanian, S. Whole Genome
Experimental Maps of DNA G-Quadruplexes in Multiple Species.
Nucleic Acids Res. 2019, 47, 3862—3874.

(2) Winnerdy, F. R; Phan, A. T. Quadruplex Structure and
Diversity. In Quadruplex Nucleic Acids As Targets For Medicinal
Chemistry; Neidle, S., Ed.; Academic Press: Cambridge, Massachu-
setts, USA, 2020; pp 45—73.

2396

(3) Steenken, S.; Jovanovic, S. V. How Easily Oxidizable Is DNA?
One-Electron Reduction Potentials of Adenosine and Guanosine
Radicals in Aqueous Solution. J. Am. Chem. Soc. 1997, 119, 617—618.

(4) Cadet, J.; Douki, T.; Ravanat, J. L. Oxidatively Generated
Damage to the Guanine Moiety of DNA: Mechanistic Aspects and
Formation in Cells. Acc. Chem. Res. 2008, 41, 1075—1083.

(5) Ryan, B. J.; Yang, H.; Bacurio, ]. H. T.; Smith, M. R; Basu, A. K,;
Greenberg, M. M.,; Freudenthal, B. D. Structural Dynamics of a
Common Mutagenic Oxidative DNA Lesion in Duplex DNA and
during DNA Replication. J. Am. Chem. Soc. 2022, 144, 8054—806S.

(6) Sugiyama, H.; Saito, 1. Theoretical Studies of GG-Specific
Photocleavage of DNA via Electron Transfer: Significant Lowering of
Tonization Potential and 5’-Localization of HOMO of Stacked GG
Bases in B-Form DNA. J. Am. Chem. Soc. 1996, 118, 7063—7068.

(7) Fleming, A. M.; Zhy, J.; Ding, Y.; Burrows, C. ]J. 8-Oxo-7,8-
Dihydroguanine in the Context of a Gene Promoter G-Quadruplex Is
an On-Off Switch for Transcription. ACS Chem. Biol. 2017, 12, 2417—
2426.

(8) Ohno, M.; Sakumi, K.; Fukumura, R.; Furuaichi, M.; Iwasaki, Y.;
Hokama, M.; Ikemura, T.; Tsuzuki, T.; Gondo, Y.; Nakabeppu, Y. 8-
Oxoguanine Causes Spontaneous de Novo Germline Mutations in
Mice. Sci. Rep. 2014, 4, No. 4689.

(9) Kouchakdjian, M.; Bodepudi, V.; Shibutani, S.; Eisenberg, M.;
Johnson, F.; Grollman, A. P.; Patel, D. J. NMR Structural Studies of
the Ionizing Radiation Adduct 7-Hydro-8-Oxodeoxyguanosine (8-
Ox0-7H-DG) Opposite Deoxyadenosine in a DNA Duplex. 8-Oxo-
7H-DG(Syn)edA(Anti) Alignment at Lesion Site. Biochemistry 1991,
30, 1403—1412.

(10) McAuley-Hecht, K. E.; Leonard, G. A; Gibson, N. J;
Thomson, J. B.,; Watson, W. P.; Hunter, W. N.; Brown, T. Crystal
Structure of a DNA Duplex Containing 8-Hydroxydeoxyguanine-
Adenine Base Pairs. Biochemistry 1994, 33, 10266—10270.

(11) Fujimoto, H.; Pinak, M.; Nemoto, T.; Bunta, J. K. Structural
Analysis of Base Mispairing in DNA Containing Oxidative Guanine
Lesion. Cent. Eur. J. Phys. 2007, S, 49—61.

(12) Vorlickov4, M.; Tomasko, M.; Sagi, A. J.; Bednarova, K; Sagi, J.
8-Oxoguanine in a Quadruplex of the Human Telomere DNA
Sequence. FEBS J. 2012, 279, 29—39.

(13) Bielskute, S.; Plavec, J.; Podbevsek, P. Impact of Oxidative
Lesions on the Human Telomeric G-Quadruplex. J. Am. Chem. Soc.
2019, 141, 2594—2603.

(14) Scala, G.; Gorini, F.; Ambrosio, S.; Chiariello, A. M.; Nicodemi,
M,; Lania, L.; Majello, B.; Amente, S. 8-OxodG Accumulation within
Super-Enhancers Marks Fragile CTCF-Mediated Chromatin Loops.
Nucleic Acids Res. 2022, 50, 3292—3306.

(15) Gros, J; Rosu, F; Amrane, S.; De Cian, A,; Gabelica, V.;
Lacroix, L.; Mergny, J. L. Guanines Are a Quartet’s Best Friend:
Impact of Base Substitutions on the Kinetics and Stability of
Tetramolecular Quadruplexes. Nucleic Acids Res. 2007, 35, 3064—
307S.

(16) Singh, V.; Benz, A.; Hartig, J. S. G Quadruplexes Stabilised by
8-Ox0-2'-Deoxyguanosine. Chem. — Eur. J. 2011, 17, 10838—10843.

(17) Cheong, V. V.; Heddi, B.; Lech, C. J.; Tuan Phan, A. Xanthine
and 8-Oxoguanine in G-Quadruplexes: Formation of a G-G-X-O
Tetrad. Nucleic Acids Res. 2015, 43, 10506—10514.

(18) Rhodes, D.; Lipps, H. J. Survey and Summary G-Quadruplexes
and Their Regulatory Roles in Biology. Nucleic Acids Res. 2015, 43,
8627—-8637.

(19) Oh, J.; Fleming, A. M; Xu, J.; Chong, J.; Burrows, C. J.; Wang,
D. RNA Polymerase II Stalls on Oxidative DNA Damage via a
Torsion-Latch Mechanism Involving Lone Pair—7 and CH-x
Interactions. Proc. Natl. Acad. Sci. U.S.A. 2020, 117, 9338—9348.

(20) Barnes, R. P.; de Rosa, M.; Thosar, S. A.; Detwiler, A. C.;
Roginskaya, V.; Van Houten, B.; Bruchez, M. P.; Stewart-Ornstein, J.;
Opresko, P. L. Telomeric 8-Oxo-Guanine Drives Rapid Premature
Senescence in the Absence of Telomere Shortening. Nat. Struct. Mol.
Biol. 2022, 29, 639—652.

https://doi.org/10.1021/acs.biochem.2c00478
Biochemistry 2022, 61, 2390—2397


https://pubs.acs.org/doi/10.1021/acs.biochem.2c00478?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acs.biochem.2c00478/suppl_file/bi2c00478_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Janez+Plavec"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-1570-8602
mailto:janez.plavec@ki.si
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Simon+Aleksic%CC%8C"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-1214-4859
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Peter+Podbevs%CC%8Cek"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-2563-4507
https://orcid.org/0000-0002-2563-4507
https://pubs.acs.org/doi/10.1021/acs.biochem.2c00478?ref=pdf
https://doi.org/10.1093/nar/gkz179
https://doi.org/10.1093/nar/gkz179
https://doi.org/10.1021/ja962255b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja962255b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja962255b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ar700245e?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ar700245e?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ar700245e?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.2c00193?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.2c00193?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.2c00193?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja9609821?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja9609821?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja9609821?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja9609821?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acschembio.7b00636?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acschembio.7b00636?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acschembio.7b00636?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/srep04689
https://doi.org/10.1038/srep04689
https://doi.org/10.1038/srep04689
https://doi.org/10.1021/bi00219a034?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bi00219a034?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bi00219a034?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bi00219a034?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bi00200a006?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bi00200a006?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bi00200a006?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.2478/s11534-006-0044-8
https://doi.org/10.2478/s11534-006-0044-8
https://doi.org/10.2478/s11534-006-0044-8
https://doi.org/10.1111/j.1742-4658.2011.08396.x
https://doi.org/10.1111/j.1742-4658.2011.08396.x
https://doi.org/10.1021/jacs.8b12748?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.8b12748?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1093/nar/gkac143
https://doi.org/10.1093/nar/gkac143
https://doi.org/10.1093/nar/gkm111
https://doi.org/10.1093/nar/gkm111
https://doi.org/10.1093/nar/gkm111
https://doi.org/10.1002/chem.201100284
https://doi.org/10.1002/chem.201100284
https://doi.org/10.1093/nar/gkv826
https://doi.org/10.1093/nar/gkv826
https://doi.org/10.1093/nar/gkv826
https://doi.org/10.1093/nar/gkv862
https://doi.org/10.1093/nar/gkv862
https://doi.org/10.1073/pnas.1919904117
https://doi.org/10.1073/pnas.1919904117
https://doi.org/10.1073/pnas.1919904117
https://doi.org/10.1038/s41594-022-00790-y
https://doi.org/10.1038/s41594-022-00790-y
pubs.acs.org/biochemistry?ref=pdf
https://doi.org/10.1021/acs.biochem.2c00478?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Biochemistry

pubs.acs.org/biochemistry

(21) Bielskuté, S.; Plavec, J.; Podbeviek, P. Oxidative Lesions
Modulate G-Quadruplex Stability and Structure in the Human BCL2
Promoter. Nucleic Acids Res. 2021, 49, 2346—2356.

(22) Aboul-ela, F.; Murchie, A. I. H,; Norman, D. G.; Lilley, D. M. J.
Solution Structure of a Parallel-Stranded Tetraplex Formed by
d(TG4T) in the Presence of Sodium Ions by Nuclear Magnetic
Resonance Spectroscopy. J. Mol. Biol. 1994, 243, 458—471.

(23) Sket, P.; Plavec, J. Tetramolecular DNA Quadruplexes in
Solution: Insights into Structural Diversity and Cation Movement. J.
Am. Chem. Soc. 2010, 132, 12724—12732.

(24) Kruse, H.; Grimme, S. A Geometrical Correction for the Inter-
and Intra-Molecular Basis Set Superposition Error in Hartree-Fock
and Density Functional Theory Calculations for Large Systems. J.
Chem. Phys. 2012, 136, No. 154101.

(25) Grimme, S; Ehrlich, S.; Goerigk, L. Effect of the Damping
Function in Dispersion Corrected Density Functional Theory. J.
Comput. Chem. 2011, 32, 1456—1465.

(26) Grimme, S.; Antony, J.; Ehrlich, S.; Krieg, H. A Consistent and
Accurate Ab Initio Parametrization of Density Functional Dispersion
Correction (DFT-D) for the 94 Elements H-Pu. J. Chem. Phys. 2010,
132, No. 154104.

(27) Weigend, F. Accurate Coulomb-Fitting Basis Sets for H to Rn.
Phys. Chem. Chem. Phys. 2006, 8, 1057—106S.

(28) Grimme, S.; Brandenburg, J. G.; Bannwarth, C.; Hansen, A.
Consistent Structures and Interactions by Density Functional Theory
with Small Atomic Orbital Basis Sets. J. Chem. Phys. 2015, 143,
No. 054107.

(29) Barone, V.; Cossi, M. Quantum Calculation of Molecular
Energies and Energy Gradients in Solution by a Conductor Solvent
Model. J. Phys. Chem. A 1998, 102, 1995—2001.

(30) Pettersen, E. F.; Goddard, T. D.; Huang, C. C.; Couch, G. S;
Greenblatt, D. M.; Meng, E. C; Ferrin, T. E. UCSF Chimera - A
Visualization System for Exploratory Research and Analysis. J.
Comput. Chem. 2004, 25, 1605—1612.

(31) Uesugi, S.; Ikehara, M. Carbon-13 Magnetic Resonance Spectra
of 8-Substituted Purine Nucleosides. Characteristic Shifts for the Syn
Conformation. J. Am. Chem. Soc. 1977, 99, 3250—3253.

(32) Giorgi, T.; Lena, S.; Mariani, P.; Cremonini, M. A.; Masiero, S.;
Pieraccini, S.; Rabe, J. P.; Samori, P.; Spada, G. P.; Gottarelli, G.
Supramolecular Helices via Self-Assembly of 8-Oxoguanosines. J. Am.
Chem. Soc. 2003, 125, 14741—14749.

(33) Phillips, K.; Dauter, Z.; Murchie, A. I. H.; Lilley, D. M. J.; Luisi,
B. The Crystal Structure of a Parallel-Stranded Guanine Tetraplex at
0.95 A Resolution. J. Mol. Biol. 1997, 273, 171—182.

(34) Kypr, J.; Kejnovska, I; Renciuk, D.; Vorlickova, M. Circular
Dichroism and Conformational Polymorphism of DNA. Nucleic Acids
Res. 2009, 37, 1713—1728.

(35) del Villar-Guerra, R;; Trent, J. O.; Chaires, J. B. G-Quadruplex
Secondary Structure Obtained from Circular Dichroism Spectroscopy.
Angew. Chem., Int. Ed. 2018, 57, 7171-7178.

(36) Sket, P.; Virgilio, A.; Esposito, V.; Galeone, A.; Plavec, J. Strand
Directionality Affects Cation Binding and Movement within
Tetramolecular G-Quadruplexes. Nucleic Acids Res. 2012, 40,
11047—-11057.

(37) Karg, B; Haase, L; Funke, A; Dickerhoff, J.; Weisz, K.
Observation of a Dynamic G-Tetrad Flip in Intramolecular G-
Quadruplexes. Biochemistry 2016, 5S, 6949—6955.

(38) Parkinson, G. N.; Lee, M. P. H.; Neidle, S. Crystal Structure of
Parallel Quadruplexes from Human Telomeric DNA. Nature 2002,
417, 876—880.

(39) Wei, D.; Todd, A. K.; Zloh, M.; Gunaratnam, M.; Parkinson, G.
N.; Neidle, S. Crystal Structure of a Promoter Sequence in the B-Raf
Gene Reveals an Intertwined Dimer Quadruplex. J. Am. Chem. Soc.
2013, 135, 19319—19329.

(40) Venkateswarlu, D.; Leszczynski, J. Tautomeric Equilibria in 8-
Oxopurines: Implications for Mutagenicity. J. Comput. Aided. Mol.
Des. 1998, 12, 373.

(41) Fleming, A. M.; Burrows, C. ]J. 8-Oxo-7,8-Dihydro-2’-
Deoxyguanosine and Abasic Site Tandem Lesions Are Oxidation

2397

Prone Yielding Hydantoin Products That Strongly Destabilize Duplex
DNA. Org. Biomol. Chem. 2017, 15, 8341—8353.

(42) Fleming, A. M.; Burrows, C. J. Interplay of Guanine Oxidation
and G-Quadruplex Folding in Gene Promoters. J. Am. Chem. Soc.
2020, 142, 1115—1136.

(43) Hickerson, R. P.; Prat, F.; Muller, J. G; Foote, C. S.; Burrows,
C. J. Sequence and Stacking Dependence of 8-Oxoguanine Oxidation:
Comparison of One-Electron vs Singlet Oxygen Mechanisms. J. Am.
Chem. Soc. 1999, 121, 9423—9428.

(44) Pezo, V.; Jaziri, F.; Bourguignon, P. Y.; Louis, D.; Jacobs-Sera,
D.; Rozenski, J.; Pochet, S.; Herdewijn, P.; Hatfull, G. F.; Kaminski, P.
A.,; Marliere, P. Noncanonical DNA Polymerization by Amino-
adenine-Based Siphoviruses. Science 2021, 372, 520—524.

(4S) lida, T.; Furuta, A; Nishioka, K; Nakabeppu, Y.; Iwaki, T.
Expression of 8-Oxoguanine DNA Glycosylase Is Reduced and
Associated with Neurofibrillary Tangles in Alzheimer’s Disease Brain.
Acta Neuropathol. 2002, 103, 20—25.

(46) Nakabeppu, Y. Cellular Levels of 8-Oxoguanine in Either DNA
or the Nucleotide Pool Play Pivotal Roles in Carcinogenesis and
Survival of Cancer Cells. Int. J. Mol. Sci. 2014, 15, 12543—12557.

https://doi.org/10.1021/acs.biochem.2c00478
Biochemistry 2022, 61, 2390—2397


https://doi.org/10.1093/nar/gkab057
https://doi.org/10.1093/nar/gkab057
https://doi.org/10.1093/nar/gkab057
https://doi.org/10.1006/jmbi.1994.1672
https://doi.org/10.1006/jmbi.1994.1672
https://doi.org/10.1006/jmbi.1994.1672
https://doi.org/10.1021/ja104889t?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja104889t?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1063/1.3700154
https://doi.org/10.1063/1.3700154
https://doi.org/10.1063/1.3700154
https://doi.org/10.1002/jcc.21759
https://doi.org/10.1002/jcc.21759
https://doi.org/10.1063/1.3382344
https://doi.org/10.1063/1.3382344
https://doi.org/10.1063/1.3382344
https://doi.org/10.1039/b515623h
https://doi.org/10.1063/1.4927476
https://doi.org/10.1063/1.4927476
https://doi.org/10.1021/jp9716997?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp9716997?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp9716997?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/jcc.20084
https://doi.org/10.1002/jcc.20084
https://doi.org/10.1021/ja00452a008?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00452a008?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00452a008?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja0364827?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1006/jmbi.1997.1292
https://doi.org/10.1006/jmbi.1997.1292
https://doi.org/10.1093/nar/gkp026
https://doi.org/10.1093/nar/gkp026
https://doi.org/10.1002/anie.201709184
https://doi.org/10.1002/anie.201709184
https://doi.org/10.1093/nar/gks851
https://doi.org/10.1093/nar/gks851
https://doi.org/10.1093/nar/gks851
https://doi.org/10.1021/acs.biochem.6b00925?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.biochem.6b00925?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/nature755
https://doi.org/10.1038/nature755
https://doi.org/10.1021/ja4101358?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja4101358?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1023/A:1008067110965
https://doi.org/10.1023/A:1008067110965
https://doi.org/10.1039/C7OB02096A
https://doi.org/10.1039/C7OB02096A
https://doi.org/10.1039/C7OB02096A
https://doi.org/10.1039/C7OB02096A
https://doi.org/10.1021/jacs.9b11050?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.9b11050?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja991929q?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja991929q?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1126/science.abe6542
https://doi.org/10.1126/science.abe6542
https://doi.org/10.1007/s004010100418
https://doi.org/10.1007/s004010100418
https://doi.org/10.3390/ijms150712543
https://doi.org/10.3390/ijms150712543
https://doi.org/10.3390/ijms150712543
pubs.acs.org/biochemistry?ref=pdf
https://doi.org/10.1021/acs.biochem.2c00478?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

