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a b s t r a c t

The human telomere oligonucleotide, d[TAGGG(TTAGGG)2TTAGG] (TAGGG), can adopt two distinct 2-G-
quartet G-quadruplex structures at pH 7.0 and 5.0, referred to as the TD and KDHþ forms, respectively. By
using a combination of NMR and computational techniques, we determined high-resolution structures of
both forms, which revealed unique loop architectures, base triples, and base pairs that play a crucial role
in the pH-driven structural transformation of TAGGG. Our study demonstrated that TAGGG represents a
reversible pH-driven switch system where the stability and pH-induced structural transformation of the
G-quadruplexes are influenced by the terminal residues and base triples. Gaining insight into the factors
that regulate the formation of G-quadruplexes and their pH-sensitive structural equilibrium holds great
potential for the rational design of novel DNA based pH-driven switches. These advancements in un-
derstanding create exciting opportunities for applications in the field of nanotechnology, specifically in
the development of bio-nano-motors.
© 2023 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).
Introduction

Guanine-rich DNA sequences are abundant in the genomes of
many organisms and can fold into unique four-stranded structures
called G-quadruplexes in the presence of cations. Those sequences
have been identified in regions of biological significance, such as
human telomeres and oncogene-promoter regions [1e4]. The for-
mation of G-quadruplexes is closely related to various biological
processes, including transcription [5,6], replication [7], genome
instability [8,9], and diseases such as cancer [10e16]. In addition to
their biological importance, G-quadruplexes have also been applied
in DNA nanotechnology, DNAzymes, and biosensors due to their
unique four-stranded structure and sensitivity to cations and ligand
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binding [17e25]. For instance, G-quadruplexes can be used to
design pH-driven nanodevices, such as nanoswitches, which could
have potential applications in various fields, such as biosensors
[26].

Two distinct G-quadruplex structures, each consisting of two G-
quartet planes, have been observed for human telomere sequences
with four GGG repeats (Fig. 1A and B) [27,28]. It has been proposed
that the two-quartet G-quadruplex is an intermediate in the folding
of the Hybrid-1 and Hybrid-2 G-quadruplex structures observed in
human telomeres. Moreover, the two-quartet G-quadruplex has
been identified in physiological conditions [29], suggesting its po-
tential biological relevance. The presence of these two-quartet G-
quadruplexes underscores the complexity of G-quadruplex folding
and highlights the need for further investigation into their potential
biological roles.

In our previous study, we investigated the folding of the oligo-
nucleotide d[TAGGG(TTAGGG)2TTAGG] (designated as TAGGG),
derived from human telomeric DNA, in the presence of KCl. We
found that TAGGG predominantly adopts two distinct antiparallel
basket-type G-quadruplex structures, each consisting of two G-
quartets. These structures are referred to as TD and KDHþ forms
(Fig. 1C and D) [30]. As previously explained [30], the TD form is
thermodynamically controlled, while the protonated KDHþ form is
e under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Fig. 1. Topologies of human telomere G-quadruplexes consisting of two G-quartets. A) Form 3 G-quadruplex formed by d[(GGGTTA)3GGGT] (PDB ID: 2KF8 [27]), B) G-quadruplex
formed by d[A(GGGTTA)3GGGT] (PDB ID: 2KKA [28]), C) TD form of TAGGG (PDB ID: 8JIC), D) KDH þ form of TAGGG (PDB ID: 8JIH).
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kinetically controlled. At pH 7.0, the TD form is dominant and co-
exists with a partially pre-folded form of the kinetic G-quadruplex,
which we refer to as KD. At lower pH (5.0), the KDHþ form becomes
prevalent. The populations of TD, KD, and KDHþ forms are pH-
dependent and can be reversibly switched several times, suggest-
ing that TAGGG represents a pH-sensitive G-quadruplex pH-driven
switch.

In order for a pH-sensitive G-quadruplex system to exhibit
effective structural transformations, it is crucial that the structures
at both ends of the transformation possess stability while also be-
ing capable of facile transformation into another structure. Based
on this premise, the present study aimed to investigate the high-
resolution structures of the TD and KDHþ forms through compre-
hensive NMR analysis. The results reveal intriguing loop architec-
tures, unique base triples, and base pairs that play a significant role
in maintaining the structural stability of the two G-quartet quad-
ruplexes. We believe that these non-G-quartet structural elements
exhibit crucial role in the pH-driven structural transformation.
Therefore, the pH-driven structural transformation could poten-
tially be controlled by substituting or deleting residues at the 50-
end and in loop regions. Significant changes are expected already
by replacing adenine with thymine residues at the 50-end and in
loop regions, which are involved in the formation of base triples.
2. Materials and methods

2.1. Sample synthesis and preparation

Oligonucleotides without and with partially (8%) 15N,13C site-
specifically labeled guanine, adenine, and thymine residues were
synthesized on an H-8 synthesizer (K&A Laborgeraete) using
standard phosphoramidite solid-phase chemistry following the
manufacturer's protocol. Oligonucleotide samples were depro-
tected with concentrated aqueous ammonia, dialyzed extensively
against 2 M LiCl and water, and concentrated using Amicon Ultra-
15 centrifugal filter devices. Samples were lyophilized and dis-
solved in H2O containing 10% or 100% of 2H2O in the presence of
70 mM Kþ ions. pH values were set to 7.0 and 5.0 with the use of
0.5 M HCl and LiOH or potassium phosphate and lithium citrate
buffers. Oligonucleotide concentrations used in NMR experiments
were between 0.8 and 1.0 mM per strand.
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2.2. NMR experiments

All NMR spectra were collected on Agilent Technologies DD2
600 and VNMRS 800 MHz NMR spectrometers at 298 and 278 K
using a cold probe. Double pulsed field gradient spin echo (DPFGSE)
pulse sequence was used to suppress the water signal. NOESY
(nuclear Overhauser effect spectroscopy) spectra were acquired
with varying mixing times (tm) from 40 to 260 ms in 90% H2O, 10%
2H2O, and 100% 2H2O. Double-quantum filtered-COSY, 1H-31P COSY,
1D proton-decoupled 31P NMR spectra and TOCSY (total correlation
spectroscopy) spectra with mixing times (tm) of 40 and 80 ms were
acquired in 100% 2H2O. Unambiguous identification of imino,
amino, and aromatic protons on 8% 15N,13C site-specifically labeled
samples was performed by 1D and 2D15N or 13C-edited HSQC
experiments.

Spectra were processed and analyzed using VNMRJ 4.0 (Agilent
Technologies) and Sparky (UCSF). NOE (nuclear Overhauser effect)
distance restraints for non-exchangeable protons were obtained
from a 2D NOESY spectrum recorded in 90% H2O, 10% 2H2O, and
70 mM KCl at pH 7.0, 25 �C for TD and at pH 5.0, 5 �C for KDHþ with
varying mixing times (tm) from 40 to 260 ms. The average volume
of H2''-H10 cross-peaks of G11, T19, and G17 in TD and of G3, G5, and
A14 in KDHþ was used as the distance reference of 1.80 Å. Cross-
peaks were classified as strong (1.8e3.6 Å), medium (2.6e5.0 Å),
and weak (3.5e6.5 Å).

2.3. NMR structure calculation

The initial extended single-stranded DNA structure was ob-
tained using the leap module of AMBER 14 [31e34]. Structure cal-
culations were performed using the CUDA version of the pmemd
module of AMBER 14 program suites [31e34] and parmbsc0 [35]
version of the Cornell et al. force field [36] with the 2012 parmcOL4
and 2013 parmε/zOL1modification [37,38]. A total of 100 structures
were calculated in 80 ps of NMR-restrained simulated annealing
(SA) simulations using the generalized Born implicit model. The
cut-off for non-bonded interactions was 999 Å and the SHAKE al-
gorithm for hydrogen atomswas usedwith the 0.4 fs time steps. For
each SA simulation, a random velocity was used. The SA simulation
was as follows: in 0e2 ps, the temperaturewas raised from 300 K to
1000 K and held constant at 1000 K for 38 ps. Temperature was
scaled down to 500 K in the next 24 ps and reduced to 100 K in the
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next 8 ps and was further reduced to 0 K in the last 8 ps. Restraints
used in the calculation were NOE-derived distance restraints (force
constant 20 kcal mol�1 Å�2), hydrogen bond (force constant
40 kcal mol�1 Å�2), torsion angle c, ε and sugar pucker phase angle
restraints (force constant 200 kcal mol�1 rad�2). Based on the in-
tensity of respective H8-H10 2D NOESY cross-peaks, glycosidic
torsion angle for residues G3, G9, G11, G16, and G21 of TD and G3,
G5, G9, G16, and G21 of KDHþ were restrained to the syn region
(30�e90�). NOE-derived distance restraints were used after the first
3000 steps. All structures were minimized with a maximum of
10 000 steps of energy minimization and a family of 10 structures
was selected based on the smallest restraints violations and lowest
energy.

The coordinates for TD and KDH þ forms of TAGGG have been
deposited in the Protein Data Bank (accession codes for TD and
KDHþ are 8JIC and 8JIH, respectively) and BMRB database with
accession codes 34034 and 34035 for TD and KDHþ, respectively.

2.4. CD spectroscopy

Circular dichroism (CD) spectra were recorded on an Applied
Photophysics Chirascan CD spectrometer at 298 K using a 0.1 cm
path-length quartz cell. The wavelength was varied from 200 to
320 nm. Samples for CD measurements were prepared at 20 mM
oligonucleotide concentration in 20 mM potassium phosphate
buffer (pH 7.0) containing 20 mM KCl or lithium citrate buffer (pH
5.0) with 70 mM Kþ ions.

2.5. UV melting experiments

Thermal stability measurements were performed on a Varian
CARY-100 BIO UV-VIS spectrophotometer (Varian Inc.) equipped
with a thermoelectric temperature controller. Samples were pre-
pared at 15, 50, 150, and 250 mM oligonucleotide concentrations in
20 mM potassium phosphate buffer (pH 7.0) containing 20mM KCl.
Two cycles of folding/unfolding processes were followed by alter-
nating the temperature between 10 and 90 �C and measuring
absorbance at 295 nm using a scanning rate of 0.3 �C min�1.

2.6. Molecular dynamics simulation

A Kþ ion was manually placed in the center of the two G-quar-
tets layers. Then the G-quadruplex was laid in a truncated octa-
hedral box of TIP3P water molecules with the box border at least
10 Å away from any atoms of the G-quadruplex. Extra Kþ ions were
added to neutralize the negative charges of the G-quadruplex.

The simulations were performed with the CUDA version of the
pmemd module of AMBER 14 [31e34]. Periodic boundary condi-
tions were used, and electrostatic interactions were calculated by
the particle mesh Ewald method with the non-bonded cutoff set to
9 Å. The SHAKE algorithm was applied to bonds involving hydro-
gens, and a 2 fs integration step was used. The pressure was held
constant at 1 atm and temperature at 300 K, using the Berendsen
weak-coupling thermostat with a relaxation time of 5.0 and Lan-
gevin dynamics with a collision frequency of 2.0, respectively.

Before MD simulation, the system was subjected to a series of
minimizations and equilibration. The equilibration protocol started
with 500 steps of steepest descent minimization followed by 500
steps of conjugate gradient minimization with 25 kcal mol�1 A�2

position restraints on DNA atoms. Then the systemwas heated from
0 to 300 K at 100 ps with position restraints of 25 kcal mol�1 A�2 on
G-quadruplex. Afterward, the system underwent minimization
with 5 kcal mol�1 A�2 restraints on DNA atoms using 500 steps of
the steepest descent method followed by 500 steps of the conju-
gate gradient. Continuing in position restraints on DNA atoms of
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5 kcal mol�1 A�2, the systemwas equilibrated at 50 ps at a constant
temperature of 300 K and pressure of 1 atm. Then an analogous
series of alternating minimizations and equilibrations was per-
formed, consecutively using decreasing position restraints of 4, 3, 2,
and 1 kcal mol�1 A�2. Finally, an equilibration using position re-
straints of 0.5 kcal mol�1 A�2 and starting velocities from the
previous equilibration, followed by a short 50 ps molecular dy-
namics took place without any restraints. The productions run for
each system last for 100 ns. For the KDHþ form, the hydrogen bonds
between A2 and T12 as well as G11 and G15 were restrained in the
first 20 ns. Temperature and pressure coupling used during equil-
ibration was set to 0.2, and coupling during the last molecular
dynamics phase was set to 5.

3. Results and discussion

3.1. TAGGG G-quadruplexes with two G-quartet core

In order to obtain high-resolution structures of TD and KDHþ

forms, we first supplement the assignment reported previously
[30] by acquiring additional NMR experiments, including 2D13C-
edited HSQC and 2D15N-edited HSQC spectra to get unambiguous
assignment of aromatic and amino proton resonances, respectively
as well as 1D proton-decoupled 31P NMR spectra (refer to
Figs. S1eS3). Based on previous findings [30], we recorded the
spectra for the TD form at pH 7.0 and 298 K, as TD is predominantly
formed as the most thermodynamically stable form under these
conditions. To determine the high-resolution structure of the KDHþ

form, we obtained spectra at pH 5.0 and 278 K. The lower tem-
perature was deliberately chosen as it exclusively promotes the
formation of the kinetically controlled KDHþ form. The high-
resolution structures of the TD and KDHþ forms were determined
by utilizing NOE-derived distance restraints obtained from various
regions of the NOESY spectra (refer to Fig. 2, S4, and S5), as well as
hydrogen bond and torsion angle restraints (see Table 1).

Fig. 3 depicts the overall structures of the TD and KDHþ forms,
while Figs. S6 and S7 show the families of the ten lowest-energy
structures. Both TD and KDHþ forms have a basket-type topology,
consisting of two G-quartetsmade up of the same guanine residues.
The TD and KDHþ feature one narrow and one wide groove that are
separated by two medium grooves. Residues that are part of the
wide groove in TD form, are part of the narrow groove in KDHþ, and
vice versa (Table 1).

3.2. High-resolution structure of TD form

In the TD form, the segment of G11-G15 is positioned diagonally
over the G10/G3/G16/G22 quartet, exhibiting a unique
structural architecture where T12, T13, A14, and G15 residues are
sequentially stacked with average base tilt angles between T12-T13,
T13-A14, A14-G15 of 9 ± 1�, 15 ± 3�, 21 ± 1�, respectively (Fig. 4A).
This well-defined structure is characterized by a noticeable chem-
ical shift dispersion of A2P, G11P, T12P, T13P, A14P, and G15P
phosphorus signals (from �0.2 to 1.5 ppm, Fig. S3A) and NOEs
between these residues (Fig. S4). The G11-G15 segment is stabilized
by an A2�G15�G11 base triple, which is positioned over the upper
G-quartet with stacking interactions observed among A2 and G16,
G15 and G22, as well as G11 and G10 residues (Fig. 3A and S4). The
formation of this base triple is supported by NOEs as well as the
resonance signals of the imino proton of G15 and amino proton
signals of A2 and G15 (Fig. S2A). In the 2D15N-edited HSQC spec-
trum at pH 7.0 and 298 K, we also observed an amino proton signal
of G11 (Fig. S2A). Although the amino protons of G11 do not
participate in hydrogen bonding with other residues, this cross-
peak can be explained by molecular dynamics (MD) simulations



Fig. 2. The H6/H8-H2'/H2" region of the NOESY spectra of A) TD and B) KDHþ forms. Spectra were acquired in the presence of 70 mM KCl, 10% 2H2O and at pH 7.0, 298 K A) and at pH
5.0, 278 K B). Mixing times were 200 ms in A) and 150 ms in B). Intraresidual NOE contacts are indicated in black, while green cross-peaks in A) represent specific interresidual NOE
interactions. Sequential H8/H6- H2'/H2" connectivities for the segments T1-A2, G3-A8, G9-G15, G16-G17, T18-A20 and G21-G22 in TD A) and for the segments T1-A2, T7-A8, G9-T12,
A14-G15, G16-A20, and G21-G22 in KDH þ B) are indicated by solid lines.

Table 1
NMR restraints and structural statistics.

TD KDHþ

NOE-derived distance restraints
Intra-residue 186(0)a 18(0)
Sequential (i, i þ 1) 76(12) 57(7)
Long-range (i, >i þ 1) 22(11) 10(36)

Hydrogen bond restraints 20 24
Torsion angle restraints 153 150
Structural statistics
Mean NOE restraint violation (Å) 0.12 ± 0.03 0.13 ± 0.03
Max. NOE restraint violation (Å) 0.19 0.18
Deviations from idealized geometry
Bond length (Å) 0.01 ± 0.00 0.01 ± 0.00
Bond angle (�) 2.40 ± 0.03 2.40 ± 0.03

Pairwise heavy atom RMSD (Å)
Overall 1.42 ± 0.37 1.39 ± 0.31
G-quartet core 0.62 ± 0.13 0.61 ± 0.12
G-quartet core with G11-G15 0.70 ± 0.16 1.21 ± 0.43
G-quartet core with G5-A8 1.03 ± 0.32 0.88 ± 0.20
G-quartet core with T18-A20 0.74 ± 0.17 0.72 ± 0.11

Groove composition and widths (Å)
Residues G3-T6 and G10-T7 wide, 14.8 ± 0.4 narrow, 4.8 ± 1.2
Residues G16-T18 and G22-T19 narrow, 3.5 ± 1.2 wide, 14.0 ± 0.1
Residues G3-T6 and G16-T18 medium, 7.7 ± 0.6 medium, 5.6 ± 0.5
Residues G10-T7 and G22-T19 medium, 8.1 ± 0.4 medium, 7.4 ± 0.6

a Values in parenthesis are from exchangeable protons.
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on a 200 ns time scale, which showed that the amino proton of G11
76
and phosphate group are likely to form awater-mediated hydrogen
bond (Fig. S8).

The G17/G4/G9/G21 quartet is capped by an A8�A20�G5
base triple, where A8 and A20 overlap with G21 and G17, respec-
tively, and G5 overlaps with G4. The resonance signals of the amino
protons of A8 and A20 support the formation of this triple
(Fig. S2A). It is noteworthy that A2, A8, and A20, which are involved
in base triples, experience cross-strand stacking interactions rather
than being stacked to sequential guanine residues (Fig. 3A and S4).

The T6, T7, T18, and T19 residues, located in two edgewise loops,
are either oriented inside the hydrophobic grooves or involved in
stacking interactions with each other (Fig. 4B), as observed in the
NMR structure ensemble (Figs. S6 and S9A). These interactions are
consistent with the hydration properties of the thymine base, as
described recently [27]. The T1 residue is themost flexible in the TD
structure (Fig. S6).

3.3. High-resolution structure of KDHþ form

KDHþ adopts a unique diagonal loop structure where residue A2
is sandwiched between A14 and a G11�G15 N1-carbonyl base pair
(Fig. 4C). A2 is further stabilized by a hydrogen bond between its
amino group and the O6 atom of T12 (Fig. 4C). The G11�G15 base
pair is stacked on the upper G-quartet, where G11 overlaps with
G10, while G15 is positioned between G3 and G16 (Fig. 3B).
Although hydrogen bond formation was not observed for the G15
imino proton, its resonance was detected at a chemical shift of



Fig. 3. NMR solution structures of A) TD and B) KDHþ forms. Stacking interactions between G-quartets and adjacent bases are highlighted on the right side of individual structure,
and these interactions are observed from the top to the bottom of the G-quadruplex. Hydrogen, nitrogen, and oxygen atoms involved in hydrogen bonds within base triples and base
pairs are colored in grey, blue, and red, respectively. Hydrogen bonds are depicted as dotted lines.

Fig. 4. Comparison of the 'upper' and 'lower' parts of TD (A and B) and KDHþ (C and D) forms. A) A2�G15�G11 base triple, T12-A14 segment, B) thymine residues located in lower
part of TD. C) A2 residue, G11�G15 base pair, T12-A14 segment and D) T19�A8 base pair and orientation of T6, T7 residues in KDHþ. Hydrogen, nitrogen, and oxygen atoms involved
in hydrogen bonds are colored grey, blue, and red, respectively. Hydrogen bonds are depicted as dotted lines.
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d 8.52 ppm. This proton is located above the center of the upper G-
quartet and is tightly packed with A2, G11, and T12, resulting in
considerable steric and hydrophobic effects that lower water
accessibility and make the G15 imino proton observable in the 1H
NMR spectrum (Fig. 4C). This may cause a drastically upfield
chemical shift of the G15 imino proton resonance.

The lower G-quartet is stabilized by extensive stacking in-
teractions with a protonated T18�A20þ�G5 base triple, which is
capped by a T19�A8 Watson-Crick base pair (Figs. 3B and 4D). The
imino proton signal for T18 at d 13.8 ppm and amino proton signals
of A20þ at d 10.7 and 8.5 ppm in the 1H NMR spectra support the
formation of the T18�A20þ�G5 base triple (Fig. S2B). The A20þ

residue is positioned in the center below the bottom G-quartet,
77
while T18 and G5 are stacked on G17 and G4, respectively (Fig. 3B).
The observed downfield resonances of G5P (d 3.1 ppm) and upfield
signals of A20þP (d 1.0 ppm) (Fig. S3B) may be attributed to this
unusual base triple and its stacking interaction with the G-quartet.
The T19�A8 base pair bridges two edgewise loops across the me-
dium groove and displays stacking between T19 and T18 as well as
A8 and G5 residues. The T6 residue is oriented into the narrow
groove (Fig. 4D and S9B). T1 and T13 residues are the most flexible
parts of the KDHþ (Fig. S7), with the latter showing scarce inter-
residue NOE contacts (Fig. S5).

The formation of the G5�A20þ�T18 base triple and the stacking
mode of the A2 and G11�G15 base pair influence the conformation
of the backbone, which is reflected in the 31P NMR spectrum of the
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KDH þ form (Fig. S3B). While the majority of the 31P resonances are
clustered around d 0.3 ± 0.8 ppm, there are four phosphorus res-
onances outside this region. The downfield resonances correspond
to G3P (d 2.7 ppm) and G5P (d 3.1 ppm), while the upfield signals
belong to G11P (d �0.7 ppm) and A20þP (d 1.0 ppm).

Base triads and triples [39] are commonly observed in G-
quadruplexes [40e43]. To the best of our knowledge, the
T18�A20þ�G5 base triple in KDHþ is unique, whereas the
A2�G15�G11 and A8�A20�G5 base triples in TD (Fig. 3B and S10A, B)
exhibit similarities to existing base triads. The A2�G15�G11 base
triple can be compared to the G20�(A22-G23) base triad found in
the human MYC promoter G-quadruplex (Figs. S10A and C). The
A8�A20�G5 base triple is reminiscent of the (T1-A2)�A20 triad
(Figs. S10B and D) observed in the human telomeric (3 þ 1) hybrid-
1 G-quadruplex as well as the (T1*-A2*)�A2 triad in the Bombyx
mori telomeric G-quadruplex [42e44].
Table 2
TAGGG and its modified sequences.

Abbreviation Sequence (50-to-30)

TAGGG d(TAGGG TTAGGG TTAGGG TTAGG)
TTGGG d(TTGGG TTAGGG TTAGGG TTAGG)
TGGG d(_TGGG TTAGGG TTAGGG TTAGG)
AGGG d(_AGGG TTAGGG TTAGGG TTAGG)
GGG d(__GGG TTAGGG TTAGGG TTAGG)
A8T d(TAGGG TTTGGG TTAGGG TTAGG)
3.4. The reversible pH-driven G-quadruplex switch may occur
through the formation of a hairpin-like intermediate

We carried out a pH titration experiment to investigate the
reversibility of structural changes between TD, KD, and KDHþ

forms. To monitor these changes, we integrated the H8/H6 proton
signals of the aromatic rings (G16H8 of TD, T1 H6 of KD, and KDHþ

forms, see Fig. S11) in 1H NMR spectra. Our findings demonstrate
that the pH-induced structural conversion between the three forms
is reversible, and this interconversion can occur at least 11 times
without any noticeable loss of structural integrity or denaturation
(Fig. 5A). During the initial 5 cycles of pH switching, there is a slight
increase in the populations of the KDHþ form. As there is 9% of the
pre-folded state (determined by fitting of the overlapped signal at
d 8.19 ppm, Fig. S11a), most likely in the form of a hairpin-like
structure present at neutral pH besides the TD and KD, continu-
ously repeating the pH switching causes the hairpin-like structure
to adopt either TD, KD or at lower pH KDHþ forms. The presence of
a pre-folded statewas confirmed in the 1HNMR spectra of TAGGG in
the absence of cations at both pH 5.0 and 7.0. This state was char-
acterized by broad partially overlapped signals of weak intensity
around d 10.8 ppm (Fig. S12). The observed signals in the imino
region of the pre-folded state display the typical fingerprint of
imino protons from guanine residues involved in GG N1-carbonyl
symmetric base pairs [45].

The conversion between TD and KDHþ forms is fast and occurs
immediately upon adding aqueous HCl or LiOH into the solution.
Fig. 5. pH switching experiment performed at 298 K. A) Population of TD, KD, and KDH þ fo
adding 0.5 M HCl or LiOH solutions into the NMR sample of TAGGG. The relative integral (±3
symbols corresponding to the TD, KD, and KDH þ forms is provided in panel B. B) pH s
comprised of the G9-G17 segment. Guanine residues within the G9-G17 segment are mark
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The timescale of this conversion is similar to the folding process
initiated by the addition of Kþ ions from a pre-folded hairpin-like
structure of TAGGG. Rapid conversion between TD and KDH þ could
occur by swapping the positions of the first (G3-G5) and fourth
(G21-G22) G-tracts, while the second (G9-G11) and third (G15-G17)
G-tracts retain their original positions within the G-quadruplex
structure (Fig. 5B). Simultaneously, there should be a re-orientation
of G11 and G15 residues, which form a GG N1-carbonyl base pair. In
TD, G15 acts as the donor of the hydrogen bond, while in KDHþ, G11
serves as the donor.
3.5. Influence of 50 terminal residues on the pH-driven switch

The influence of terminal residues on the stability of G-quad-
ruplex structures has beenwell-documented [41,43]. To investigate
the impact of flanking residues on the pH-driven switch of TAGGG, a
series of modified sequences were synthesized, including TTGGG,
TGGG, AGGG, and GGG (abbreviations provided in Table 2).

In the presence of 30 mM KCl at pH 7.0 and 298 K, all four
modified sequences at the 50-end exhibited eight major signals in
the imino region of the proton NMR spectra, ranging from
d 10.0e12.5 ppm, indicating the formation of G-quadruplex struc-
tures consisting of two G-quartets (Fig. 6A). The modified oligo-
nucleotides displayed slight polymorphic behavior, as indicated by
additional smaller signals in the imino regions of the proton
spectra. The CD spectra of the modified sequences showed two
positive bands at 250 and 295 nm, along with aweak negative band
at 264 nm, characteristic of an antiparallel topology (Fig. S13A). The
monomolecular nature of modified G-quadruplexes was confirmed
by UV melting experiments, which revealed an apparent melting
temperature (Tm) independent of concentration. The results
showed that substituting A2 with thymine (TTGGG) reduced the
thermal stability of the G-quadruplex by 4 �C compared to the
native sequence (Fig. S14). On the other hand, TGGG and AGGG
rms at two distinct pH values shifted through 11 cycles. pH was adjusted by gradually
unit %) corresponds to the percentage of TD, KD, and KDHþ forms. An explanation of the
hift mechanism is characterized by a preserved mid-transition hairpin-like structure
ed as filled black circles, while empty black circles represent other guanine residues.

A20T d(TAGGG TTAGGG TTAGGG TTTGG)



Fig. 6. Imino regions of 1H NMR spectra of parent TAGGG and modified oligonucleo-
tides in the presence of 30 mM Kþ ions. A) Spectra obtained at pH 7.0, 298 K. B) Spectra
obtained at pH 5.0, 278 K. The corresponding oligonucleotide abbreviations are shown
on the left side of each spectrum. Green arrows indicate the signals of the G15 imino
proton (numbered according to TAGGG).

Fig. 7. 1H NMR chemical shift differences for H8/H6 protons between TAGGG and its 50-
end modified oligonucleotides. The residues of the modified sequences are numbered
according to TAGGG.
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substitutions increased the Tm values by 4 �C and 7 �C, respectively.
Interestingly, GGG exhibited the same Tm value (53 �C) as AGGG.
These findings indicate that the highly flexible T1 residue decreases
the thermal stability of the TD G-quadruplex (Tm for AGGG is 7 �C
higher than for TAGGG), while the formation of A2�G11�G15 base
triple increases the stability of the G-quadruplex structure (Tm for
TAGGG is 4 �C higher than for TTGGG).

Although the overall topology of the G-quadruplexes appeared
unaffected by the 50-end modifications, a more detailed structural
analysis using partial sequential walks based on the aromatic-H10

and -H2'/H2" regions of 2D NOESY spectra revealed structural
variations in the modified sequences. These variations were pri-
marily observed in certain residues within the diagonal loop and
the upper G10/G3/G16/G22 quartet (Figs. S15eS18, for
simplicity, the residues in the modified sequences were numbered
according to TAGGG). Comparative analysis of cross-peak intensities
in the aromatic-H10 region between the modified and parent se-
quences indicated that the syn and anti-conformations of the
guanine residues within the G-quadruplex core were preserved.
However, the orientation around the glycosidic bond of G11 in
TTGGG and GGG was altered. The modifications significantly
affected the aromatic proton resonances of G16 and G22, while the
H8 proton chemical shifts of the other residues in the upper G-
quartet showed minimal changes. The most noticeable differences
were observed in the GGG sequence, where the signals of G16H8
and G22H8 exhibited substantial downfield shifts of approximately
0.5 ppm (Fig. 7). Similarly, substantial shifts in the aromatic proton
resonance of G16 were observed in the TTGGG and TGGG se-
quences. In addition to the significant changes in chemical shifts of
G16H8 and G22H8, a dramatic shift in the chemical shift of the
G15H8 signal was also observed. Notably, the TTGGG, TGGG, and
GGG G-quadruplexes, which are unable to form the A2�G15�G11
base triple (Fig. 3A), exhibited upfield chemical shifts of the G15H8
signal. The most significant shift (approximately Dd¼ 0.5 ppm) was
observed in the GGG sequence (Fig. 7). In contrast, the AGGG
sequence showed a negligible shift in the G15 aromatic proton
resonance. Similarly, the signal for the G15 imino proton (assigned
using partially 15N-labeled oligonucleotides) was observed at a
similar chemical shift as in the TD form of the parent sequence for
the AGGG and TGGG G-quadruplexes but was not detected in the
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TTGGG and GGG sequences (Fig. 6A). In the AGGG sequence, G15 is
most likely involved in the A2�G11�G15 base triple, as indicated by
the A2H2"-G16H8 NOE cross-peak, which positions A2 above the
upper G-quartet and aligns it closely with G11 and G15 residues
from the diagonal loop (Fig. S17). In the TGGG sequence, G15 may
participate in the G11�G15 base pair. Furthermore, long-range
NOEs between the aromatic protons of A20, G17, and G22, and
the H2'/H2" protons of G17, A20, and G15, respectively, which are
characteristic of the TD form, were also observed in the NOESY
spectra of all four modified sequences (green NOEs in
Figs. S15eS18). These cross-strand NOE correlations represent
distinctive spectral markers, indicating that G15 is stacked on G22
of the upper quartet and A20 is stacked on G17 of the lower quartet
(Fig. 3A). The highly similar NOE patterns, along with characteristic
NOE cross-peaks and very similar aromatic proton chemical shifts
(Fig. 7), demonstrate that the modified sequences retain the global
fold of the TD form with only a few structural differences in parts,
which are spatially close to the 50-end.

To investigate the pH-driven structural transformation of the
modified sequences, 1H NMR spectra were obtained at pH 5.0 and
278 K. As we have previously demonstrated, under these condi-
tions, the formation of solely the KDH þ form was observed for the
TAGGG [30]. In the imino regions of the 1H NMR spectra for all four
50-end modified oligonucleotides, overlapped signals from protons
of multiple G-quadruplex structures or even aggregates were
observed (Fig. 6b). However, the CD profiles indicated the forma-
tion of G-quadruplexes with antiparallel topologies (Fig. S13B). In
all 1H NMR spectra, additional signals appeared around d 13.7 and
12.8 ppm, which were likely attributed to thymine imino protons
involved in T18�A20þ Hoogsteen and T19�A8 Watson-Crick base
pairs, respectively, analogous to the KDH þ form of TAGGG. The
presence of two sets of these signals suggested the coexistence of
slightly different G-quadruplexes that maintained the overall
structural conformation of KDHþ. Among the sequences tested,
only TAGGG demonstrated complete conversion into the
KDH þ form, highlighting the significant influence of the T1A2 50-
overhang in stabilizing the entire structure of KDHþ.
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3.6. Base triples are crucial for the functioning of the pH-driven
switch

Base triads and triples play a crucial role in maintaining the
structural integrity of G-quadruplexes involved in equilibria
[40,43]. To investigate the impact of base triples on the TD, KD, and
KDHþ transformations, we substituted the adenine residues A8 and
A20, which are involved in the base triples of the TD and KDHþ

forms, with thymine residues.
At pH 7.0, the replacement of A8 or A20 residue with thymine

(A8T and A20T, respectively, as indicated in Table 2) leads to the
formation of multiple G-quadruplexes, as evidenced by partially
resolved signals in the imino region of the 1H NMR spectra (Fig. 8A).
Comparative chemical shift analysis of the G15 imino proton rela-
tive to TAGGG confirms the presence of TD and KD forms in A8T and
A20T sequences. The A8T substitution increases the population of
the KD form, as observed from the ratio of integrals for G15 imino
proton signals in TD and KD. On the other hand, A20T retains the
relative population of TD and KD compared to the parent sequence
TAGGG. These findings highlight the importance of the A8�A20�G5
base triple for the stability of the TD form.

At pH 5.0 and 278 K, the formation of the KDHþ form is not
observed in the A20T sequence (Fig. 8B). In contrast, A8T adopts the
KDHþ form, as indicated by the intense G15 imino proton signal,
while also displaying structural polymorphism based on the pres-
ence of overlapping signals. These results indicate that the
T18�A20þ�G5 base triple is essential for the formation of the KDHþ

form, while the A8 residue contributes to both the stability and
polymorphic nature of the KDHþ form.
3.7. The binding of cations in the loop region of TAGGG G-
quadruplexes

The high-resolution crystal structure and MD simulations of the
c-kit promoter G-quadruplex have indicated the potential impor-
tance of non-channel cations in maintaining its structure [46e48].
Our MD simulation results demonstrated that, in addition to the
channel ions, Kþ ions can partially stabilize the diagonal loop
structures of TAGGG G-quadruplexes (Fig. 9). In the TD form, a Kþ

ionwas observed in the diagonal loop, forming direct contacts with
O6 of G11 and G15, OP1 and OP2 of T13, as well as N7 of A14
(Fig. 9A). The occupancy of Kþ ions at this site was approximately
75% during the 20e200 ns simulation period. In the case of the
KDH þ form, two binding sites for Kþ ions were identified in the
Fig. 8. Imino regions of 1H NMR spectra of A8T and A20T modified oligonucleotides in the
indicate the signals of G15 imino proton (numbered according to TAGGG).
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diagonal loop and 50 terminal of KDHþ (Fig. 9B). The first binding
site, occupied by a Kþ ion at approximately 81%, involved electro-
static interactions between the cation and O40 and O50 of A2, OP2 of
T13, as well as OP2 and N7 of A14. The second Kþ ion resided be-
tween the A2 and G3 residues (i.e., cation $$$ O40, O50, N3 of G3, and
O30 of A2) with 100% occupancy. Considering previous reports on
cation-G-quadruplex interactions [46e48], we propose that the
binding of cations to the loop region of TAGGG G-quadruplexes
provides additional stabilization to the loop conformations.

4. Conclusions

In summary, high-resolution structures of TD and KDHþ forms
revealed intriguing loop architectures, unique base triples and base
pairs that significantly contributed to structural stabilities of both
two G-quartet quadruplexes. Sequence modification studies
demonstrate that the most complete conversion into KDHþ is
achieved for TAGGG reflecting the importance of both T and A
residues at 50-end as well as A20. Formation of T18�A20þ�G5 base
triple is essential for existence of KDHþ. A20 residue has thus a
crucial role for reaching and regulating a delicate equilibrium be-
tween TD, KD and KDHþ. Thus, among all tested sequences only
TAGGG presents really optimal accessible pH-driven switch system
that is perfect in the sense of simple to regulate, quick to response,
fine tunable (sensitive to small pH changes) and excellent revers-
ible. It is suggested that the design of DNA based pH system needs
to consider the delicate balance between the pH-driven trans-
formation and the stability of the structure in both ends of the
structural transformation. The ability to understand and control the
structure switching process may allow rational design of DNA pH-
driven switches applicable in nanotechnology as bio-nano-motors.
Moreover, such structural switching system can be coupled with
potential cellular applications based on their different binding af-
finity and specificities for molecular targets.
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