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Abstract: A four-repeat human telomere DNA sequence
without the 3'-end guanine, d[TAGGG(TTAGGG),TTAGG]
(htell-AG23) has been found to adopt two distinct two G-
quartet antiparallel basket-type G-quadruplexes, TD and
KDH" in presence of KCl. NMR, CD, and UV spectroscopy
have demonstrated that topology of KDH™ form is distinctive
with unique protonated T18-A207-G5 base triple and other
capping structural elements that provide novel insight into
structural polymorphism and heterogeneity of G-quadruplexes
in general. Specific stacking interactions amongst two G-
quartets flanking base triples and base pairs in TD and KDH*
forms are reflected in 10 K higher thermal stability of KDH*.
Populations of TD and KDH" forms are controlled by pH.
The (de)protonation of A20 is the key for pH driven structural
transformation of htell-AG23. Reversibility offers possibilities
for its utilization as a conformational switch within different
compartments of living cell enabling specific ligand and
protein interactions.

Guanine-rich DNA sequences can fold into G-quadruplexes
in the presence of cations, such as K*, Na*, or NH,". G-
quadruplex contains several planar G-quartets which com-
prise of four guanines connected by Hoogsteen hydrogen
bonds, and are further stabilized by cations located at the
center of G-quartets.! G-rich sequences found in human
genome including hexanucleotide repeat TTAGGG in telo-
meres are capable to fold into G-quadruplexes, which are
promising targets for anticancer drug development.”! Owing
to their special four G-strand architectures and sensibility to
cations and ligand binding, G-quadruplexes have been
applied to DNA nanotechnology, DNAzymes and design of
biosensors.’! Recently, pH has been utilized to regulate
formation and conformational transitions of G-quadru-
plexes.

Human telomere G-rich sequences have been shown to
fold into diverse topologies in the presence of different
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cations, heterocyclic ligands, solution environments, and
flanking sequences.”! For instance, human telomere sequence
d[TAGGG(TTAGGG);] (designated as Atell) in the presence
of K* ions predominantly folds into hybrid-1 type G-quad-
ruplex containing three G-quartets that are connected by one
propeller and two lateral loops.P* A related sequence
derived from human telomere repeat, d[GGG-
(TTAGGG);T], forms intramolecular antiparallel basket-
type G-quadruplex with only two G-quartets in K™ ion
solution.’* The two G-quartet basket-type topology was
suggested to represent an intermediate in interconversion
amongst hybrid type telomere G-quadruplexes.”! Further-
more, folding of G-quadruplex structures most likely pro-
ceeds through numerous intermediates as has been proposed
by several groups.’**! Chaires and co-workers proposed that
an early step in the folding pathway of the human telomere
DNA is formation of an antiparallel intermediate with either
a chair or basket-type topology.™ Recently, two G-quartet
antiparallel basket-type topology has been identified under
“essentially physiological conditions”.”! Owing to a great role
suggested for G-quadruplexes with antiparallel basket-type
topology, sequence d[TAGGG(TTAGGG), TTAGG] (desig-
nated as htell-4G23), which is a truncated version of the
human telomere sequence forming hybrid-1 G-quadruplex,
has been examined by NMR, CD, and UV spectroscopy.
Formal deletion of the 3'-end guanine residue from htell was
expected to result in antiparallel G-quadruplex with only two
G-quartets and consequently three extra-quartet guanine
residues being involved in connecting loops in the presence of
K" ions. At the outset, however, intriguing dynamic con-
formational equilibrium has been observed upon variation of
pH.

htell-AG23 was folded into G-quadruplex structures upon
titration of K™ ions up to 100 mm concentration at 298 K and
neutral pH. As shown in Figure 1a, the 6 10.4-12.1 ppm
region of 1D "H NMR spectrum indicated formation of G-
quadruplex consisting of two G-quartets at 5 mM concentra-
tion of K™ ions. Unambiguous assignment was achieved by
synthesis of residue specific partially (8%) N, *C-isotopi-
cally labeled oligonucleotides (Supporting Information, Fig-
ure S1). Characteristics of "H and "N-edited '"H NMR spectra
suggested coexistence of a G-quadruplex (named as TD) in
addition to partially folded (named as KD) and unfolded
htell-AG23 at 5 mm K" ion concentration (Figure 1a). Under
this condition, the relative populations of TD, KD, and
unfolded forms were 30:15:55, respectively. Signals for all
guanine imino protons except for G5 and G11 of TD form
were observed in '"H NMR spectrum at 5 mm K™ solution. On
the other hand, resolved guanine imino protons were
observed only for G4, G10, G11 and G15 of KD (marked
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Figure 1. Imino region of '"H NMR spectra of htel1-4G23 at a) 5 mm
KCl, pH 7.0, 298 K, b) 70 mm KCl, pH 7.0, 298 K, ) 70 mm KCl,

pH 5.0, 298 K, and d) 70 mm KCl, pH 5.0, 278 K. Oligonucleotide
concentration 1.0 mm. Resonance signals of TD, KD, and KDH" forms
are marked with black, magenta, and green, respectively.

with magenta in Figure 1a) suggesting that G-quartets are not
formed completely. It is interesting to note that imino signal
for G15 of KD exhibits upfield chemical shift of ¢ 8.52 ppm,
which suggests its unusual hydrogen bonding pattern. Upon
increasing concentration of K* ions to 70 mwm, population of
TD increased by 42 unit %, while population of KD remained
practically unchanged (TD/KD/unfolded=72:19:9, Fig-
ure 1b). The same TD/KD/unfolded ratio was observed
already at 30 mm KCI, where steady-state conditions were
reached (Supporting Information, Figure S2). Various exper-
imental conditions were further evaluated for their influence
on relative ratio of TD and KD forms in solution. Observing
populations of different forms during titrations suggested that
formation of TD is thermodynamically, while folding into KD
is kinetically controlled. Population of KD form significantly
increased by lowering pH to 5.0 and dominated at 278 K
(Figures 1c¢,d). Conversion from one form to another is fast
on NMR time scale and occurs immediately after changing
pH and acquiring NMR spectrum (dead time ca. 3 minutes).
The observed signals for guanine imino protons indicated
formation of a new G-quadruplex structure, further marked
as KDH". It is interesting to note that signals of imino protons
of G4, G10, G11 and G15 exhibited a small chemical shift
change with respect to KD form upon lowering pH to 5.0
(Figure 1). Partial assignment of NOESY cross-peaks of KD
(Supporting Information, Figure S3) together with other
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NMR data and considering its low population suggest that
KD form can be considered as a pre-folded state on the way to
KDH". NMR signals of imino protons of T1, T6, T7, T18, and
T19 were observed for KDH* form. Their chemical shifts
indicated that T18 and T19 are involved in A-T base pairs
(Figure 1d). Imino protons of G15 in TD, KD, and KDH"
forms exhibit broader linewidths and more effective T,
relaxation with respect to other imino protons suggesting
their exposure to solvent exchange in a system that involves
dynamic structure interconversions.

The monomeric nature of both TD and KDH" forms was
inferred from translation diffusion coefficients of (1.40+
0.05) x 10~ cm’s™" at 298 K.l Antiparallel topologies of
both TD and KDH™ forms were suggested from CD spectra
that showed positive bands around 295 and 248 nm and
negative band around 264 nm (Supporting Information, Fig-
ure S4).

A perusal of the aromatic-anomeric region of 2D NOESY
spectra of TD and KDH" forms at 70 mm concentration of K*
ions showed strong intraresidual cross-peaks for G3, G9, G16,
and G21, indicating preference for syn conformation across
their glycosidic bonds (Figure 2; Supporting Information,
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Figure 2. Aromatic-anomeric region of NOESY spectra of htel1-4G23
in the presence of 70 mm KCl at a) pH 7.0, 298 K, b) pH 5.0, 278 K in
10% D,O. Mixing times were 200 ms in (a) and 150 ms in (b).
Sequential H8/H6-H1’ connectivities for T1-A2, G3-A8, G9-G15, G16-
A20, and G21-G22 segments of TD (a) and for T1-A2, T7-A8, G9-T12,
A14-G15, G16-A20, and G21-G22 segments of KDH" (b) are labeled by
solid lines.
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Figure S5). Furthermore, G11 in TD and G5 in KDH" also
adopt syn glycosidic conformations.

NOE cross-peaks between imino and H8 protons were
consistent with formation of G10—G3—G16—G22 and
G17—-G4—G9—G21 quartets in TD form (arrows indicate
imino-H8 cross-peaks around each G-quartet, connectivities
between the last and the first residues in both G-quartets are
implied; Supporting Information, Figure S6). The glycosidic
conformations of guanines are in syn-syn-anti-anti arrange-
ments for both G-quartets in TD form. Identification of G-
quartets has enabled us to propose antiparallel basket-type
topology for TD (Figure 3a). The upper and lower G-quartets
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Figure 3. Topologies of a) TD and b) KDH" forms. Guanines in syn
and anti conformations are colored white and green, respectively,
adenines are red, and thymines are blue. Note that residue A20 is
protonated in the KDH™ form. Anticlockwise and clockwise direction-
alities of hydrogen bonds within G-quartets are marked.

exhibit anticlockwise and clockwise directionalities of hydro-
gen bonds, respectively. Strands and loops in TD structures
progress in —1d +1 arrangements."”) In KDH" form, the G10—
G22—-G16—G3 and G17—-G21—-G9—G4 quartets were
identified (Supporting Information, Figure S6). Hence,
KDH" form has the same basket-type topology as TD form
but with a 4+ 1d—1 loop progression (Figure 3b). It is interest-
ing to note that in KDH* and TD forms the upper and lower
G-quartets exhibit the same directionalities of hydrogen
bonds. However, the actual donor—acceptor directionalities
of a given guanine residue are different. For example, G22 is
donor and G10 is acceptor of Hoogsteen type hydrogen bonds
in TD form, whereas G10 is donor and G22 is acceptor of
hydrogen bonds in KDH* form (Supporting Information,
Figure S7). Altogether, topologies of TD and KDH* forms
exhibit the same inherent polarity of consecutive strands,
which are in perfect agreement with identical shapes of their
CD spectra (Supporting Information, Figure S4). Of note, CD
signatures of both TD and KDH" are of the right-handed G-
quadruplexes.
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Comparative chemical shift analysis of TD and KDH"
forms established the protonation site of the latter at A20 N1
(Figure 4). In the KDH" form, C2 and H2 chemical shifts of
A20 (043¢ 148.0 ppm, 01y 7.82 ppm) and A8 (dy3¢ 152.8 ppm,
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Figure 4. Representations of the A8-A20-G5 and T18-A20*-G5 base
triples in structures of a) TD and b) KDH" forms. Dashed lines
illustrate hydrogen bonding established with observation of imino and
amino protons in NMR spectra.

Oy 6.30 ppm) are unique spectral markers of non-protonated
A8 that is stacked on A20 protonated at N1 (cf. Figures 3b
and 4b)."l Reference chemical shifts of A20 (0;5c 156.0 ppm,
O 8.38 ppm) and A8 (3¢ 154.7 ppm, O,y 7.98 ppm) in TD
form are distinctly different.

Preliminary molecular modelling of TD indicated that
A2-G15-G11 and A8-A20-GS5 base triples are stacked on the
upper and lower G-quartets, respectively (Figure 3a; Sup-
porting Information, Figure S8). While formation of
A8-A20-G5 base triple is not supported by mutual NOE
contacts amongst imino and aromatic protons of the three
residues, they are well positioned through observation of
several NOEs between the protons of G17—G4—G9—G21
quartet and individual residues of this base triple (Supporting
Information, Figure S9). In the KDH" form, G11 is involved
in G-G N1-carbonyl base pair with G15, which is sandwiched
between the upper G-quartet and A2 (Figure 3b; Supporting
Information, Figures S8 and S10). In the lower part of the
KDH" structure, G17—G21—-G9—G4 quartet is flanked by
T18-A20"-G5 base triple, which is stacked further with
T19-A8 base pair (Figure 3b; Supporting Information, Fig-
ures S6 and S8). The above observations are fully consistent
with earlier studies showing that human telomere two-G-
quartet G-quadruplexes are stabilized by the extensive
stacking of base triples and base pairs.’*/
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Variation of pH at 298 K shifts relative populations of TD
and KDH" forms of htell-AG23 (Figure 5). During the pH
lowering step from neutral to pH 5.0, population of TD
decreased by 62 unit %, while at the same time population of
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Figure 5. Populations of TD and KDH* forms as a function of pH at
298 K. Titration started from pH 6.9, which was lowered to 5.0 (
and continued from 5.0 to 8.0 (-----). Relative integral (£ 3 unit %)
corresponding to percentage of TD and KDH" forms was determined
by integration of 'H NMR signal at & 6.89 ppm (G16 H8 of TD form,
@) and at 0 6.67 ppm (T1 H6 of KDH™ form, x).

)

KDH" form increased by 22 unit %. In the subsequent step,
when pH was increased from 5.0 to 8.0, population of TD
increased by 57 unit%, while population of KDH" form
decreased by 27 unit% (Figure 5; Supporting Information,
Figure S11). Analysis of population changes as a function of
pH indicated a mid-transitional pH between 5.8 and 6.3.
Lowering and increasing pH cycles controlling interconver-
sions between TD and KDH" forms were repeated 9 times.

Apparent melting temperatures of TD and KDH* forms
as determined by UV melting experiments were 319 and
329 K, respectively (Supporting Information, Figure S12).
Interpretation of values determined under different exper-
imental conditions should be performed with great caution.
Nevertheless, the base pairs and base triples and their
effective  stacking interactions, especially of the
T18-A20*-G5 base triple, could be crucial for higher thermal
stability of KDH"* form under low pH. As a drop and an
increase of populations of TD and KDH" forms are not the
same upon lowering pH from neutral to 5.0, respectively,
there must be additional form(s) involved in the process that
could not be identified at this stage. However, lowering of pH
leads to A20 N1 protonation, which shifts equilibrium due to
stabilization of KDH' form and drives the reversible
structure transformation. Comparison with alternative pH-
driven nanoswitches utilizing i-motif formation!"!! demon-
strates similar transition pH values as observed for htell-
AG23 G-quadruplexes.

In conclusion, we have found that htell-AG23 in the
presence of KCl forms two distinct two G-quartet antiparallel
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basket-type G-quadruplexes. The topology of the KDH" form
exhibits unique structural features including orientations of
loops and capping base pairs and base triple that effectively
stack on two-quartet core. Its topology is thus distinctive to
any reported human telomere G-quadruplexes with unique
protonated T18-A20*-G5 base triple. A protonation-depro-
tonation equilibrium controlling reversible TD-KDH™" trans-
formations is a conformational switch that could provide
a platform for further design of pH switches in more
elaborated bio-nanostructures, such as molecular motors.
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