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ABSTRACT: Telomere attrition is closely associated with
cell aging and exposure to reactive oxygen species (ROS).
While oxidation products of nucleotides have been studied
extensively in the past, the underlying secondary/tertiary
structural changes in DNA remain poorly understood. In this
work, we systematically probed guanine positions in the
human telomeric oligonucleotide sequence (hTel) by
substitutions with the major product of ROS, 8-oxo-7,8-
dihydroguanine (oxoG), and evaluated the G-quadruplex
forming ability of such oligonucleotides. Due to reduced
hydrogen-bonding capability caused by oxoG, a loss of G-
quadruplex structure was observed for most oligonucleotides
containing oxidative lesions. However, some positions in the hTel sequence were found to tolerate substitutions with oxoG. Due
to oxoG’s preference for the syn conformation, distinct responses were observed when replacing guanines with different
glycosidic conformations. Accommodation of oxoG at sites originally in syn or anti in nonsubstituted hTel G-quadruplex requires
a minor structural rearrangement or a major conformational shift, respectively. The system responds by retaining or switching to
a fold where oxoG is in syn conformation. Most importantly, these G-quadruplex structures are still stable at physiological
temperatures and should be considered detrimental in higher-order telomere structures.

■ INTRODUCTION

Reactive oxygen species (ROS) are a byproduct of aerobic
cellular metabolism in all living organisms. Cells possess
enzymatic and non-enzymatic antioxidant mechanisms, which
are able to manage normal levels of endogenous ROS.
However, environmental factors such as pollutants and
(non)ionizing radiation can cause spikes in ROS levels. The
inability to neutralize excessive ROS results in oxidative stress,
which has a damaging effect on cellular structures. All macro-
molecular classes are affected by ROS and the major
detrimental effects include lipid peroxidation, protein oxida-
tion, and DNA damage.1,2

Oxidative stress causes many types of DNA lesions, and cells
respond by activating relevant DNA repair pathways or
apoptosis, if repair is unsuccessful. Most common DNA
damages caused by ROS include single- and double-strand
breaks, formation of apurinic/apyrimidinic sites, and DNA
base substitutions. Among the four DNA nucleobases, guanine
has the lowest redox potential and is therefore the easiest to
oxidize.3,4 Furthermore, guanine tracts are even more
susceptible to oxidation than isolated guanines.5,6 It has been
suggested that G-rich regions serve as trapping sites for
oxidative damage caused by one-electron oxidations via radical
cation migration through the DNA duplex.7 Consequently,
noncoding G-rich regions could protect the rest of the genome
from mutagenesis induced by ROS. Numerous products

resulting from guanine oxidation have been reported thus far
of which 8-oxo-7,8-dihydroguanine (oxoG) is commonly used
as a biomarker of oxidative stress.8,9 Due to its redox potential,
which is lower than for the parent guanine, oxoG is
preferentially oxidized even in the presence of a large excess
of guanine.10

Telomeric regions are found at ends of chromosomes and
protect the chromosome termini from deterioration or from
fusion with neighboring chromosomes.11,12 Their length was
found to diminish under conditions of high oxidative stress, for
example, in diabetes patients.13,14 Due to their high G content,
repetitive sequences in telomeres are able to fold into short
four-stranded structures called G-quadruplexes. The integral
part of a G-quadruplex is the G-quartet, which is a planar
arrangement of four guanine nucleobases connected with
Hoogsteen hydrogen bonds. Several G-quartets stack in order
to form the G-quadruplex core. Contiguous guanine segments,
called G-tracts, are connected by (usually) non-G nucleotides
forming loops of different orientations contributing to
tremendous structural polymorphism of G-quadruplexes.15,16

NMR and X-ray crystallographic studies found that
oligonucleotide sequences containing four human telomeric
repeats, d(T2AG3), lead to several distinct G-quadruplex
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topologies.17−26 In solutions containing K+ ions, these
oligonucleotides were found to adopt so-called hybrid-1 and
hybrid-2 folds, which feature three G-quartet planes with
mixed parallel/antiparallel G-tract directionalities. In these (3
+ 1) topologies, G-tracts are connected by two edgewise loops.
The remaining first or third loop is of a double-chain-reversal
type in hybrid-1 or hybrid-2, respectively. A 24-nt d-
[T2G3(T2AG3)3A] oligonucleotide (hTel) adopts a hybrid-1
type G-quadruplex fold in solutions containing K+ ions.21 In
the current study, hTel was selected as a model system for a
systematic survey of oxidation-related changes in G-quadruplex
structure and stability.
Compared to regular G, the Watson−Crick edge of oxoG is

unaltered, while N7 on its Hoogsteen edge is protonated and is
a hydrogen-bond donor (Figure S1). Due to different
hydrogen-bonding capabilities, replacing G with oxoG results
in reduced stability of a G-quartet and consequently the G-
quadruplex structure.27,28 Furthermore, incorporation of oxoG
into a planar G-quartet is a potential source of steric clashes of
H7 with the amino group of adjacent guanine. Several recent
studies showed that it is favorable to exclude the lesion-
containing G-tract from a G-quadruplex fold and replace it
with a nearby lesion-free G-tract, if one is available in the same
strand.29−32 Similarly, we have shown that a G-quadruplex
structure adopted by the vascular endothelial growth factor
(VEGF) promoter sequence is disrupted with the introduction
of an oxoG lesion. However, the G-quadruplex fold can be
recovered by adding a short pyrene conjugated lesion-free G-
rich oligonucleotide.33

While reduced stabilities of G-quadruplex structures
containing oxidative lesions are most likely observed due to
alterations in the hydrogen-bonding network, the underlying
structural changes have not been explored by high-resolution
techniques to date. It has been shown that oxoG prefers the syn
conformation in double-stranded DNA.34,35 We expect the
same preference for syn conformation for oxoG in G-quadruplex
structures. Furthermore, we hypothesize that the structural
changes and consequent (de)stabilizing effects on G-
quadruplex structures will depend on the position of oxoG
substitution in the oligonucleotide sequence and whether a
specific site corresponds to a guanine in anti or syn
conformation in the parent G-quadruplex structure.
In the current study, we show that single substitutions of G

with oxoG at distinct sites in the hTel sequence result in
changes of the G-quadruplex structure. In the resulting
structures, oxoG nucleotides were always found to exhibit a
syn conformation and their corresponding G-quadruplexes
conformed to hybrid-1 or hybrid-2 like topologies. Impor-
tantly, several structures based on the parent hTel and related
oligonucleotides containing oxoG were found to be stable at
physiological temperatures and could have implications for
oxidative stress related changes in human telomeres.

■ RESULTS
Analogues of hTel Containing oxoG Can Form G-

Quadruplex Structures. Guanines were individually sub-
stituted with oxoG at all 12 positions in the hTel sequence, and
G-quadruplex forming ability was evaluated through examina-
tion of one-dimensional (1D) 1H NMR spectra (Figure S2).
Well-resolved 1H signals were obtained when oxoG was
substituted at positions 10 and 21. The spectrum of
hTel-oxoG10 exhibits 12 guanine imino proton resonances in
the region from δ 10.70 to 11.70 ppm and two additional

broader resonances at δ 12.45 and 13.90 ppm, which were
identified as imino signals of thymines (Figure 1). Eleven well-

resolved imino proton resonances in the region from δ 10.61 to
12.29 ppm were observed in the spectrum of hTel-oxoG21.
While chemical shift dispersion of imino proton resonances of
hTel-oxoG21 is comparable to that of hTel, spectrum of
hTel-oxoG10 shows a different chemical shift pattern. Spectra of
both oligonucleotides with oxoG substitutions contain a set of
low intensity peaks corresponding to minor species.
Spectra of oligonucleotides with oxoG substitutions at the

remaining 10 guanine positions exhibit broader resonances in
imino and aromatic regions hindering a detailed structural
analysis (Figure S2). However, an evaluation of imino regions
of 1H spectra suggests that hTel-oxoG23 forms a single major
species, while hTel-oxoG3, hTel-oxoG9, hTel-oxoG11, and
hTel-oxoG17 form more than one structure in solution. Spectra
of hTel-oxoG5 and hTel-oxoG15 exhibit several sharp imino
resonances, but their low number suggests that in the major
species, one of the G-quartets is destabilized. Spectra of
remaining hTel-oxoG4, hTel-oxoG16 and hTel-oxoG22 contain-
ing broad resonances indicate destabilization of the G-
quadruplex structure.

hTel-oxoG21 Retains the Parent G-Quadruplex Fold.
Position 21 in the hTel sequence is located in the outer G-
quartet of the parent G-quadruplex and contains a G in syn
conformation along its glycosidic bond. Comparison of cross-
peak fingerprints between NOESY spectra of hTel and
hTel-oxoG21 revealed a great degree of similarity (Figure S3).
All imino, aromatic and anomeric resonances of hTel-oxoG21
could be assigned by analyzing NOESY spectra (Figure 2 and
Figure S3). Several nucleotides were residue-specifically 13C,
15N labeled and imino, and aromatic assignments were
confirmed through acquisition of 15N and 13C-edited HSQC
spectra (Figure S4A). Interestingly, H1 of oxoG21 gives a sharp

Figure 1. (A) Oligonucleotide sequences of hTel and its analogues
with oxoG substitutions at positions 10 and 21 (shown squared in red
color). (B) Imino regions of 1D 1H NMR spectra of hTel,
hTel-oxoG10 and hTel-oxoG21. Imino proton assignment of hTel is
shown on the top of the spectrum.21 Spectra were acquired in 90%
H2O and 10% 2H2O, 70 mM KCl, and 20 mM K-phosphate buffer,
pH 7, on an 800 MHz NMR spectrometer. Oligonucleotide
concentrations were ∼0.5 mM.
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NMR signal at δ 11.39 ppm, while its H7 resonance is not
observed. Four intense H8−H1′ cross-peaks in NOESY
spectrum acquired with a short mixing time of 80 ms were
identified as G3, G9, G15, and G16 and were assigned a syn
conformation along their glycosidic bonds. The complete
sequential walk could not be traced throughout the
oligonucleotide sequence due to large interproton distances
at the following anti−syn steps: T2 (anti)−G3 (syn), A8
(anti)−G9 (syn), and A14 (anti)−G15 (syn). Furthermore, the
lack of H8 resonance of oxoG21 interrupts the sequential walk
at the A20 (anti)−oxoG21 (syn) step. However, oxoG21H1′-
G22H8 cross-peak has been observed for this syn−anti step.
Additionally, intense NOESY cross-peaks between H2′/H2′′
of oxoG21 and H8 of G22 indicating short distances correspond
to a structure with oxoG21 in syn conformation. Furthermore,
chemical shifts of H2′ and H2′′ of oxoG21 are δ 3.51 and 2.80
ppm, respectively. Such downfield chemical shift values are
characteristic for H2′/H2′′ in syn nucleotides.36

NOE connectivities between imino−imino and imino−
aromatic protons were used to determine the fold of the G-
quadruplex structure, which is comprised of G3·G9·
G17·oxoG21, G4·G10·G16·G22, and G5·G11·G15·G23 quar-
tets (Figure 2C). Central and top G-quartets exhibit anti−
anti−syn−anti conformations as well as counterclockwise
hydrogen-bond donor−acceptor directionalities. On the
other hand, the bottom G-quartet exhibits syn−syn−anti−syn
conformations and clockwise hydrogen-bond directionality. G-
tracts are connected by TTA loops of which the first one (T6-
T7-A8) adopts a double-chain-reversal topology, while the

following two (T12-T13-A14 and T18-T19-A20) form edge-
wise loops. These structural features are consistent with the
hybrid-1 topology adopted by the parent hTel G-quadruplex.
A solution-state structure of hTel-oxoG21 was determined on

the basis of NMR data using a restrained simulated annealing
(SA) protocol. Simulations utilized 287 NOE distance and 140
backbone torsion angle restraints. An additional 22 hydrogen-
bond restraints were used for Hoogsteen base-pairs for all Gs
involved in G-quartets. Only hydrogen bonds, where oxoG21 is
the donor, were restrained, while hydrogen-bond restraints
between G3 and oxoG21 were omitted. Eleven χ angle restraints
for Gs (excluding oxoG21) were also used in SA simulations. A
good convergence was achieved by running a series of 100 SA
simulations. Twelve structures with the lowest energy of
hTel-oxoG21 exhibit an RMSD of 0.26 Å (Table 1 and Figure
3A).
Our structure of hTel-oxoG21 reveals that oxoG21 is well

tolerated in the G3·G9·G17·oxoG21 quartet (Figure 3B). Three
of oxoG21’s atoms are involved in four hydrogen bonds with
neighboring in-plane guanines. Two are with G17
(oxoG21H21-G17N7 and oxoG21H1-G17O6), typical for a
Hoogsteen base-pair. Additionally, O6 of oxoG21 is a bifurcated
hydrogen-bond acceptor for adjacent G3 (oxoG21O6-G3H1,
2.0 Å and oxoG21O6-G3H21, 1.9 Å). H7 of oxoG21 is slightly
shifted from the G-quartet center and in close proximity (∼2.6
Å) to the amino group of G3. Since H7 is not involved in
hydrogen bonding and is located in the outer G-quartet, the
lack of its NMR resonance is likely due to efficient exchange
with solvent.

Figure 2. hTel-oxoG21 assignment of NOESY spectra and G-quadruplex topology. (A) Aromatic−anomeric region of a NOESY spectrum (τm = 250
ms). Assignments are shown next to H6/H8n-H1n′ cross-peaks. Orange lines connect cross-peaks from G3 to T12 and blue lines from T12 to A24.
Letter “A” indicates the G22H8-oxoG21H1′ cross-peak. 1D trace of the NOESY spectrum is shown on the top with signal assignments, where
assignments corresponding to syn and anti guanine nucleotides are shown in orange and blue, respectively. Adenine and thymine resonances are in
black. (B) Imino−imino (top) and imino−aromatic (bottom) regions of the NOESY spectrum. Assignments in blue and orange represent cross-
peaks between guanines of the inner and outer G-quartets, respectively. Assignments in black correspond to cross-peaks between H1 protons of
guanines and aromatic protons of adenines. (C) hTel-oxoG21 G-quadruplex topology and hydrogen-bond directionality in G-quartets.
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Nucleobases T6, T7, and A8 are part of a double-chain-
reversal loop with T6 and T7 stacking on each other, hiding
their hydrophobic methyl groups from solvent. A8 nucleobase
is oriented perpendicularly to the thymines. Nucleobases T12,
T13, A14 and T18, T19, A20 form edgewise loops, which
exhibit efficient stacking on the outer G-quartets (Figure 3).
SA simulations suggest formation of T1·A20 and T13·A24
Watson−Crick base-pairs (Figure 3B), however, no imino
resonance could be observed in NMR spectra to exper-

imentally support this. While the existence of these base-pairs
is probably only transient, they could contribute to
stabilization of the G-quadruplex structure.

Introduction of oxoG at Position 10 Results in a
Structural Rearrangement. Substitution of G10, which
exhibits an anti conformation in the parent G-quadruplex
structure, with oxoG10 results in NMR spectra with a distinct
chemical shift pattern compared to hTel or hTel-oxoG21
(Figure 1B). Although the hTel-oxoG10 G-quadruplex is stable
at 25 °C, all 2D NMR data were collected at 5 °C due to
favorable spectral properties and reduced resonance overlap.
Imino and aromatic proton assignment was aided by
acquisition of 13C and 15N-edited HSQC spectra of 13C, 15N
residue-specifically labeled oligonucleotides (Figure S4).
Remaining resonances could be unambiguously assigned
through sequential connectivities. Four intense H8/H6−H1′
cross-peaks can be observed in a NOESY spectrum acquired
with a mixing time of 80 ms, however, only two were assigned
to guanines in syn conformation (G9 and G11) with the
remaining two cross-peaks belonging to T12 and A24
nucleotides. The sequential walk could be traced throughout
the oligonucleotide sequence with an expected interruption at
A8 (anti)−G9 (syn) step due to a large interproton distance
(Figure 4A). oxoG10 (syn)−G11 (syn) step is not observable
due to the lack of H8 resonance in oxoG10, while the weak
G9H8−oxoG10H1′ cross-peak is observable in NOESY
spectrum despite the inherent syn−syn step.
It is worth noting that H2′ and H2′′ resonances of oxoG10

were observed at δ 2.75 and 2.44 ppm, respectively. These
chemical shifts are similar to those found for G9 and G11,
while a more upfield chemical shift is expected for H2′/H2′′ in
guanines in an anti conformation.
Examination of internucleotide NOE connectivities (Figure

4B) revealed that the G-quadruplex is comprised of G3·G11·
G15·G21, G4·oxoG10·G16·G22, and G5·G9·G17·G23 quartets.
Guanines in all G-quartets exhibit anti−syn−anti−anti
conformations, and hydrogen-bond donor−acceptor direction-

Table 1. Statistics of Structures of hTel-oxoG21 and
hTel-oxoG10 G-Quadruplexes

hTel-oxoG21 hTel-oxoG10

NMR Restrains
total NOE distance restraints 287 329

intranucleotide 141 173
internucleotide 146 156
sequential 85 83
long-range 61 73

hydrogen-bond restraints 22 24
glycosidic torsion angle restraints 11 11
backbone torsion angles restraints 140 140
Structure Statistics
violations
mean NOE restraint (Å) 0.11 0.10
max. NOE restraint (Å) 0.21 0.17
Deviations from the Idealized Geometry
bond lengths (Å) 0.01 0.01
torsion angles (deg) 2.47 2.44
Pairwise Heavy Atom RMSD (Å)
G-quartets 0.26 0.56
G-quartets and T6-A8 0.24 0.53
G-quartets and T12-A14 0.25 0.63
G-quartets and T18-A20 0.28 0.67
G-quartets and T1-T2, A24 0.25 0.53
all heavy atoms 0.26 0.66

Figure 3. Details of the structure of hTel-oxoG21. (A) Superposition of 12 lowest energy structures. View into the wide and medium grooves. (B)
Enlarged view into the medium groove. G-quartet with oxoG substitution, T13·A24 reversed Watson−Crick pair, and T1·A20 Watson−Crick pair
are shown separately.
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Figure 4. hTel-oxoG10 assignment of NOESY spectra and G-quadruplex topology. (A) Aromatic−anomeric region of a NOESY spectrum (τm = 250
ms). Assignments are shown next to H6/H8n-H1n′ cross-peaks. Orange lines connect cross-peaks from T1 to T12 and blue lines from T12 to A24.
Letter “A” indicates the oxoG10H1′-G11H8 cross-peak, “B” is A8H2-G17H1′, and “C” is G11H8-G4H21. 1D trace of the NOESY spectrum is
shown on the top with signal assignments, where assignments corresponding to syn and anti guanine nucleotides are shown in orange and blue,
respectively. Adenine and thymine resonances are in black. (B) Imino−imino (top) and imino−aromatic (bottom) regions of the NOESY
spectrum. Assignments in orange and blue represent cross-peaks between guanines of the inner and outer G-quartets, respectively. Assignments in
black correspond to cross-peaks between H1 protons of guanines and aromatic protons of adenines. (C) hTel-oxoG10 topology and hydrogen-bond
directionality in G-quartets.

Figure 5. Details of the structure of hTel-oxoG10. (A) Superposition of 12 lowest energy structures. View into the narrow and medium grooves. (B)
Enlarged view into the medium groove. G-quartet with oxoG substitution, T7·A8·A24 base triplet, and T2·A14 reversed Watson−Crick pair, which
forms a transient base triplet with A20, are showed separately.
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alities follow a counterclockwise arrangement (Figure 4C).
The first two loops (T6-T7-A8 and T12-T13-A14) are
edgewise, while the last one (T18-T19-A20) forms a double-
chain-reversal topology. The two broader imino signals at δ
13.85 and 12.39 ppm were assigned to T2 and T7, respectively
(Figure S4C). NOE cross-peaks between T2 and T7 imino
protons and A14 and A24 aromatic protons (Figure S5) are
indicative of T2·A14 Watson−Crick and T7·A24 Hoogsteen
base-pairs, which are stacked on the bottom and top G-
quartets, respectively (Figure 5). This topology is a deviation
from the hTel G-quadruplex structure.
A SA protocol was used to determine the structure of

hTel-oxoG10 G-quadruplex. Apart from the G-quartet hydro-
gen-bond restraints and backbone torsion angles, 329 NOE
derived distance restrains were included in the simulations. A
series of 100 simulations resulted in a well converged set of
structures. Twelve lowest energy structures of hTel-oxoG10
with an overall pairwise heavy atoms RMSD of 0.66 Å (Table
1) were selected for further analysis (Figure 5A).
The oxidative lesion in the hTel-oxoG10 G-quadruplex is

located in the central G4·oxoG10·G16·G22 quartet. Three
atoms of oxoG10 are involved in four hydrogen bonds with
adjacent guanines. Two typical Hoogsteen hydrogen bonds are
formed with G16 (oxoG10H21-G16N7 and oxoG10H1-
G16O6), while O6 of oxoG10 is a bifurcated hydrogen-bond
acceptor for G4 (oxoG10O6-G4H1, 1.9 Å and oxoG10O6-
G4H21, 2.0 Å) (Figure 5B).

H7 of oxoG10 is shifted from the G-quartet center and
positioned further away (∼3.0 Å) from amino group of residue
G4. However, due to its location in the central G-quartet, it is
protected from solvent exchange processes therefore exhibiting
a weak imino signal at δ 11.10 ppm at 5 °C. Amino protons of
G4 exhibit resolved signals (δ 5.4 and 8.7 ppm) observable
even at 25 °C, suggesting that both are protected from
exchange with solvent despite only one being hydrogen
bonded.
Due to the lack of H8 resonance, we were unable to directly

evaluate the χ torsion angle of oxoG10, and therefore no
restraint was used in SA simulations. However, a syn
conformation along the glycosidic bond of oxoG10 was found
to be favorable. Perusal of 2D NOESY spectra revealed cross-
peaks of H7 of oxoG10 with G4 and G5 amino protons and
with G11 and G9 aromatic H8 protons. Cross-peak intensities
are in agreement with the syn conformation of oxoG10, since
the anti conformation would result in a different NOE pattern.
Nevertheless, we performed a SA simulation with the χ torsion
angle of oxoG10 restrained in anti (1000 kcal/mol·rad2), which
still resulted in a syn conformation, albeit with a high restraint
penalty.
Loop nucleotides of hTel-oxoG10 are involved in stable

structural elements. The double-chain-reversal loop (T18-T19-
A20) is stabilized by favorable stacking interactions between
T18 and A20, while T19 is flexible and rotated away from the
G-quadruplex core. Nucleobases belonging to the two
edgewise loops (T6-T7-A8 and T12-T13-A14) of hTel-oxoG10

Figure 6. Comparison of stacking between different layers in the hTel,21 hTel-oxoG10, and hTel-oxoG21. Bottom, central and top G-quartets are in
blue, yellow, and green, respectively. Stacked loop nucleotides are in pink and orange. oxoG is shown in red.
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exhibit efficient stacking on the outer G-quartets (Figure 6).
Additionally, A24 forms a Hoogsteen base-pair with T7
resulting in an observable imino signal at δ 12.45 ppm.
Furthermore, T7·A24 interacts with A8 to form a base triplet,
where A24’s Watson−Crick edge is involved in hydrogen
bonding with the Hoogsteen edge of A8. A T2·A14·A20 base
triplet was observed in the final set of structures in which the
Watson−Crick edge of A20 forms hydrogen bonds with H2
and N3 atoms of A14 and also with O4 of T2. While T2·A14
pairing is stable with an observable imino signal at δ 13.90
ppm, no NOE’s with A20 could be observed, suggesting a
transient nature of the base triplet (Figure 5B). It is
noteworthy that T2 and T7 imino protons involved in
Watson−Crick and Hoogsteen base-pairs give well observable
signals at 25 °C, suggesting their stable nature (Figure 1B).
Oxidative Lesions Reduce G-Quadruplex Stability.

The parent hTel G-quadruplex is relatively stable and exhibits
a melting temperature of 65 °C, while hTel-oxoG10 and
hTel-oxoG21 melt at 44 and 49 °C, respectively (Figure S6).
Also, a strong hysteresis is observed in the melting curve of
hTel-oxoG10, which suggests it is a slow system to fold into a
G-quadruplex structure.

■ DISCUSSION
Oligonucleotides originating from the human telomeric repeat
sequence can fold into G-quadruplex structures even when
their sequences contain oxidative lesions in the form of oxoG.
While the most obvious implication of oxoG substitutions is a
considerable reduction in thermal stability compared to the
parent hTel, these structures are stable at physiological
temperatures and may be considered relevant.
Substitution with oxoG nucleotides changes the hydrogen-

bonding network in a G-quartet due to O6 being the sole
hydrogen-bond acceptor on its Hoogsteen edge. As a result
oxoG can form stable G-quartets when the adjacent G is
substituted with xanthine.37−39 However, O6 of oxoG can form
two hydrogen bonds with amino and imino protons when
positioned next to a G. This causes a slight shift of the oxoG
nucleobase out of the center of G-quartet. Consequently, the
distance of the metal−oxygen bond between O6 of oxoG and
the K+ cation(s) is increased, which could contribute to
decreased stability of such structures.40

The oxoG’s preference for the syn conformation is important
for the magnitude of structural rearrangements in lesion-
containing G-quadruplexes. Our data demonstrate that either a
minor structural adjustment or a major conformational shift is
required to accommodate a oxoG nucleotide. G21 adopts a syn
conformation in the parent hTel G-quadruplex, and its H8
atom is located in the medium groove, where it is exposed to
solvent. Consequently, oxoG is a well-tolerated substitution at
position 21 of the hTel sequence and results in only minor
structural differences between hTel and hTel-oxoG21 G-
quadruplexes. Solvent exposure of H8 also makes position
G21 a likely site for nucleobase oxidation by ROS.
On the other hand, G10 has an anti conformation in hTel G-

quadruplex, and substitution with oxoG causes a major
conformational shift. A similar conformational rearrangement
has already been observed in d[G3ATG3ACACAG4ACG3],
when three syn guanines were replaced by 2′-fluoro-
2′deoxyribo guanines, which favor the anti conformation.41

The original structure changed into a G-quadruplex with one
purely syn G-tract and three purely anti G-tracts. However, in
the case of hTel-oxoG10, we observed the overturning of G-

tracts G9-G11 and G15-G17, which results in loop rearrange-
ment. Considering loop orientations with respect to the G-
quartet core, hTel-oxoG10 adopts the hybrid-2 form.23

However, differences can be found in the G3·G11·G15·G21
quartet, which contains only one syn guanine (G11) and in
reversal of G-quartet’s hydrogen-bond directionality. Further-
more, the T7·A24·A8 base triplet is observed in the
hTel-oxoG10 structure, which involves the terminal 3′
nucleotide. Similarly, the hybrid-2 form of the human
telomeric G-quadruplex exhibits a T·T·A base triplet, which
also involves equivalent T and A loop nucleotides as well as the
terminal 3′ nucleotide.23 This base triplet in the hybrid-2 form
has an important role in stabilizing the G-quadruplex structure,
especially the 3′-end, which is less stable than the 5′-end.42
MD simulations showed, that syn−anti and anti−anti steps

are the most stable dinucleotide fragments in antiparallel and
parallel G-quadruplex structures, while the syn−syn fragments
are the least favorable.43 Interestingly, in the hTel-oxoG10
structure, the unfavorable all-syn G-tract is counterbalanced by
three all-anti G-tracts, and together they form a stable G-
quadruplex structure. This G-tract arrangement also results in
favorable positioning of the O8 atom of the lesion in the wide
groove where it is exposed to solvent.
Telomeres are repetitive regions, which are able to form

higher-order G-quadruplex structures. Individual G-quadruplex
units either have no mutual interactions and conform to the
“beads on a string” model or they interact with each other via
G-quartets or loops.44−47 The 5′- and 3′-ends of hybrid-1 and
hybrid-2 types of G-quadruplexes are found on opposite sides
of the G-quadruplex core, which allows these structures to be
folded and to stack on each other in long human telomeric
segments. Both hTel-oxoG10 and hTel-oxoG21 also adopt
hybrid-type structures, which could allow them to fold and
to stack with adjacent nonoxidized G-quadruplex structures.
Apart from the lower thermal stability of lesion-containing G-
quadruplexes, the higher-order structure of telomeres should
be unaffected.
Interestingly, the low-energy barrier between hybrid-1 and

hybrid-2 type structures of human telomeric G-quadruplexes
allows interconversions between the two, which are influenced
by different factors such as temperature, cation concentration,
or protein binding.23 The conformational shift following
oxidation at position G10 could therefore be a part of normal
human telomere metabolism.
Oligonucleotides with oxoG substitutions at remaining ten G

positions in the hTel sequence were found to form multiple
structures in solutions, or the G-quadruplex structures were
destabilized as indicated by broad NMR resonances.
Substitutions in the central G-quartet, excluding hTel-oxoG10,
are destabilizing. On the other hand, oligonucleotides with
oxoG substitutions in outer G-quartets exhibit mostly
destabilization of the affected G-quartet or form multiple
structures. Other positions where the substituted G is in syn
conformation in the parent structure should be able to tolerate
oxoG residues, but this is not the case. We hypothesize that
some oxoG containing structures are stabilized through base
pairing and/or stacking of adjacent loop nucleotides, even if
only transiently as is the case with hTel-oxoG21.
Generation and repair of oxidative lesions are dynamic

processes in vivo. Following consequent DNA (re)folding in
real-time is currently subjected to technical limitations. We
believe the ability to follow oxidative structural changes at an
atomic level could prove to be in the future an invaluable tool

Journal of the American Chemical Society Article

DOI: 10.1021/jacs.8b12748
J. Am. Chem. Soc. 2019, 141, 2594−2603

2600

http://pubs.acs.org/doi/suppl/10.1021/jacs.8b12748/suppl_file/ja8b12748_si_001.pdf
http://dx.doi.org/10.1021/jacs.8b12748


in our understanding of such processes. Nevertheless, due to
undisputed presence of oxoG nucleotides in the human genome
and stability of some structures described in this study, G-
quadruplex structures containing oxoG are very relevant.
Identification of some oxidation products and their effect on
the structural landscape contributes important data toward
understanding this highly dynamic system and widens the
extent of structural polymorphism of human telomeric DNA.
Our structural characterization shows that the effect of
oxidative stress on the telomeric region and its G-quadruplex
building blocks is mostly detrimental.
In summary, this work explores the behavior of G-

quadruplex structures originating from the human telomeric
region under conditions of oxidative stress. To the best of our
knowledge, this is the first report of human telomeric G-
quadruplex structures containing single oxoG lesions. Several
positions in the hTel oligonucleotide sequence can tolerate the
major DNA product of oxidative stress - oxoG. Depending on
the site of oxoG substitution, accommodation of the lesion can
be achieved by a minor structural adjustment or a major
conformational shift. However, resulting structures conform to
either hybrid-1-or hybrid-2-like topologies and apart from a
stability decrease should have little influence on higher-order
telomere structure. Telomere length is associated with age, and
studies found that ROS are one of the main causes for
telomere shortening in humans.48−50 Our work offers a
detailed insight into ROS-induced alterations in G-quadruplex
structures and could prove significant for detection and
mitigation of oxidative lesions in human telomeres and related
diseases.

■ EXPERIMENTAL SECTION
Samples Preparation. All oligonucleotides were synthesized on

K&A Laborgeraete DNA/RNA Synthesizer H-8 using standard
phosphoramidite chemistry. Residue-specifically labeled samples
contained 10% 13C, 15N enriched guanine and thymine nucleotides.
Oligonucleotides were deprotected with AMA (1:1 mixture of
aqueous ammonium hydroxide and aqueous methylamine) at 65 °C
for 30 min. Samples were purified using reverse-phase HPLC
chromatography, followed by removal of the DMT group with 80%
AcOH for 30 min. Then the oligonucleotide was transferred to a pure
water phase by ether extraction and desalted using FPLC and a
Sephadex G25 column. DNA solutions were dried on a vacuum
centrifuge and redissolved in 9:1 H2O/

2H2O. All samples included 20
mM potassium phosphate buffer, pH 7, and 70 mM KCl. DNA
concentrations were determined by measuring UV absorption at 260
nm. An extinction coefficient of 244300 M−1 cm−1 was calculated with
the nearest-neighbor method for nonsubstituted hTel and was used
for all samples. The final oligonucleotide concentrations were in the
range from 0.5 to 1.0 mM.
UV Melting. UV melting experiments were performed on a Varian

CARY-100 BIO UV−vis spectrophotometer using 1 cm path length
cells. Samples were heated/cooled at a rate of 0.1 °C/min in the range
of 15−90 °C and absorbance at 295 nm was measured. Tm was
determined from the first derivative of A295 versus temperature plot.
NMR Experiments. All NMR data were collected on Agilent/

Varian 600 and 800 MHz NMR spectrometers at 5 or 25 °C. All
homonuclear spectra were acquired with DPFGSE solvent suppres-
sion. 2D NOESY experiments (τm = 80, 150, 250, 300 ms) were
utilized for 1H resonance assignment. Identification of guanine and
thymine imino proton resonances was aided by 1D 15N-edited HSQC
experiments, while H6/H8 aromatic proton resonances were assigned
with the help of 13C-edited HSQC experiments using 10% 13C, 15N
site-specifically labeled oligonucleotides. 2D TOCSY experiments (τm
= 80 ms) gave information on sugar puckering, and 2D 1H−13C
HSQC spectra were used to assign H2 aromatic resonances of

adenines. Data were analyzed with VNMRJ, NMRpipe, CcpNmr, and
Origin.51,52

Distance and Dihedral Angle Restrains. Interproton distances
were calculated from 250 ms NOESY spectra, which were chosen
from NOE buildup curves. The average of thymine aromatic-methyl
proton (H6-Me) distances was used as a reference (2.99 Å). Restraint
bounds for cross-peaks in aromatic and anomeric regions were set at
±0.3 Å for dij < 3 Å, ±0.4 Å for 3 Å < dij < 4 Å, ±0.5 Å for 4 Å < dij <
4.5 Å, and ±0.6 Å for dij > 4.5 Å. For some restraints corresponding to
overlapping cross-peaks, larger distance ranges were used (±0.7−1.5
Å). All cross-peaks in imino−aromatic, imino−imino, amino−imino
and amino−aromatic regions were classified as strong (2.5 Å),
medium (3.5 Å), or weak (4.5 Å) with ±1−1.5 Å restraint ranges.

Dihedral angle χ was restrained to a range between −90° and 90°
for syn and between 90° and 270° for anti nucleotides, and oxoG was
left unrestrained. Restraints for backbone dihedral angles included α
(−120° to 120°), β (150° to 210°), γ (30° to 90°), δ (130°−190°), ε
(170°−300°), and ζ (−120°−120°). All sugar puckers were
determined to be of S-type (C2′-endo) based on 2D TOCSY NMR
spectra.

Structural Calculations. Molecular dynamics calculations were
performed with AMBER 14 software using the ff99bsc0 force field and
ε/ζOL1 and χOL4 modifications.53,54 Force field parameters for oxoG
nucleotides were derived from the RESP ESP charge Derive (R.E.D.)
Server.55

Calculations were started from initial linear structures of the
oligonucleotides, created with the LEAP module of AMBER 14. A
total of 100 structures were obtained in 1 ns restrained SA simulations
using the Born implicit solvent model with random starting velocities.
In the first 200 ms of SA, the temperature was kept at 1000 K,
followed by slow cooling in the next 600 ms down to 300 K and to 0
K in the last 200 ms. Force constants were 100 kcal·mol−1 Å−2 for
hydrogen bonds, 20 kcal·mol−1 Å−2 for NOE distance restrains, 200
kcal·mol−1 rad−2 for backbone, and 50 kcal·mol−1 rad−2 for the χ
torsion angle. Twelve structures were selected based on the lowest
energy and subjected to energy minimization with a maximum of
10000 steps.
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