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Local variation of DNA structure and its dynamic nature play an essential role in the regulation of important
biological processes. One of the most prominent noncanonical structures are G-quadruplexes, which form in vivo
within guanine-rich regions and have been demonstrated to be involved in the regulation of transcription,
translation and telomere maintenance. We provide an analysis of G-quadruplex formation in sequences with five
and six guanine residues long G-tracts, which have emerged from the investigation of the gapless human genome
and are associated with genes related to cancer and neurodegenerative diseases. We systematically explored the
effect of G-tract and loop elongations by means of NMR and CD spectroscopy and polyacrylamide electropho-
resis. Despite both types of elongation leading up to structural polymorphism, we successfully determined the
topologies of four out of eight examined sequences, one of which contributes to a very scarce selection of
currently known intramolecular four G-quartet structures in potassium solutions. We demonstrate that examined
sequences are incompatible with five or six G-quartet structures with propeller loops, although the compatibility
with other loop types cannot be factored out. Lastly, we propose a novel approach towards specific G-quadruplex

targeting that could be implemented in structures with more than four G-quartets.

1. Introduction

Beside the typical double-stranded right-handed form, DNA mole-
cules are known to adopt various noncanonical structures that influence
many fundamental cellular processes through the regulation of gene
expression [1]. Among such structures that form in vivo are G-quad-
ruplexes (G4) [2-6] that form in guanine-rich regions of both DNA and
RNA [7-11]. G4s are intermolecular or intramolecular structures most
often stabilised by cations, such as potassium or sodium ions, and n-n
stacking interactions [12-16]. Each G4 consists of two or more G-
quartets, planar structures of four guanine residues connected by
Hoogsteen hydrogen bonds [17]. Sequences with the potential to form
G4s predominate at telomeres, DNA replication origins, gene promoters,
5-UTR regions of mRNA molecules, splice sites and somatic recombi-
nation sites in lymphocytes [18], which allows them to control tran-
scription, translation, and influence genome stability [10,18,19].
Noteworthy, G4s often contribute to the regulation of genes associated
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with cancer [20-22] and the development of several neurodegenerative
diseases [23-25].

Various algorithms revealed G4 forming sequences in all groups of
living organisms, bacteria [26,27], archaea [28,29], eukaryotes [30,31],
and viruses [32,33]. While shorter G-tracts are present across all king-
doms, longer G-tracts that harbour the potential to form G4s with more
than three G-quartets are usually associated with eukaryotes - for
example, they are highly abundant in humans [34]. Although a G4 is by
definition any structure with stacked G-quartets, to the best of our
knowledge, there is no structural characterisation of intramolecular
structures with more than four G-quartets that occur in nature. How-
ever, our recent bioinformatic analyses of the gapless human reference
genome GRCh38/hg38 [34] uncovered sequences with five- and six-
guanine residues, which consequently have the potential to form G4s
with five or six G-quartets. Many of these sequences are located in the
promoter regions of genes that are responsible for fundamental cellular
processes, such as signalling (WLS) [35], cell proliferation (GRB2) [36],
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regulation of development (HOXC12) [37] and mitophagy (CLEC16A)
[38]. The changes in their expression levels can result in the onset and
spreading of cancer, neurodegeneration and diabetes [39-41]. More-
over, we have shown that the human genome contains only 190 se-
quences that have the potential to form a G4 with five G-quartets and 22
that have the potential to form a G4 with six G-quartets [34]. Therefore,
such structures would represent an extremely small fraction of all pu-
tative G4 forming sequences. Considering that one of the most common
drawbacks of G4 specific targeting is the vast number of possible off-
targets [42], the rarity of the putative five and six G-quartet structures
and their consequent low number in combination with their localisation
in the promoter regions of important genes could be extremely valuable
assets in the search for novel drug targets. This possibility seems
extremely attractive, especially since it is clear that the specific recog-
nition of the large number of G4s in the genome will require the use of
additional recognition elements beyond the most commonly used ones,
such as planar G-quartets, loops and flanking regions [42,43]. As the
number of stacked G-quartets increases, the length of the grooves also
changes, providing a new additional binding element that could help
discriminate between multi-quartet structures. We therefore undertook
a structural study that would reveal the structural constraints and pre-
requisites for the formation of structures with more than four G-quartets,
using a model system related to the sequences with G5 and G6 repeats
found in the T2T genome [34].

Given the structural intricacy of G-quadruplexes, it is recommended
that a combination of techniques be employed for comprehensive
characterisation [44]. NMR spectroscopy provides a direct and clear
monitoring system for the formation of a G-quadruplex structure, as the
imino protons associated with guanines in G-quartets give rise to char-
acteristic resonances around 10.5-12 ppm, a region completely sepa-
rated from imino chemical shifts of any other DNA conformations [45].
NMR can offer definitive insights even when other methods yield
inconclusive outcomes [46]. Moreover, two-dimensional (2D) NMR
experiments can be utilised to ascertain the role of each nucleotide
residue in the G-quadruplex structure and to perform detailed topolog-
ical and structural analysis [47].

We analysed the influence of loop length and G-tract length on G4
formation and polymorphism using NMR spectroscopy in combination
with CD spectroscopy and native gel electrophoresis. While we could not
definitively disprove the formation of five or six G-quartet structures
from the examined sequences, we can unequivocally assert that such
structures are incompatible with propeller loops. We structurally char-
acterised four out of eight examined oligonucleotides, while topology
determination was not possible for the others due to severe structural
polymorphism and oligonucleotide aggregation. Our results thus i)
demonstrated the necessity of adjusting the loop length to at least 2
nucleotides (Gs,6X2 repeats) for the in silico analysis of potential five-
and six G-quartet structures, ii) confirmed the preference of G4s for the
formation of (3 + 1) or antiparallel structures as soon as the loop length
allows it, and iii) highlighted the importance of carefully monitoring the
folding conditions of G4s, especially in the case of sequences with a
particularly high proportion of guanine residues.

2. Materials and methods
2.1. Oligonucleotide synthesis and sample preparation

All oligonucleotides were synthesised with DNA/RNA synthesiser H-
8 from K&A Laborgeraete GbR using standard solid-phase phosphor-
amidite chemistry in a DMT-ON mode (TGgT in DMT-OFF mode) at 1
pmol scale. Phosphoramidites and CPG synthesis columns were pur-
chased from Glen Research and Link Technologies, respectively. Site-
specific labelled oligonucleotides were synthesised with an 8 % incor-
poration of '3C and N isotopically labelled phosphoramidites. Syn-
thesised oligonucleotides were cleaved from the columns and
deprotected in a 1:1 solution of NH4OH and CH3NH; at room
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temperature and 65 °C. Oligonucleotides were purified with Glen-Pak™
Purification protocol by Glen Research and desalted twice on AKTA
Purifier with HiPrep 26/10 Desalting column (GE Healthcare). Samples
were dried with a vacuum centrifuge, diluted in MQ, and pH was
adjusted to 7. Their concentration was determined with NanoDrop™
OneC by Thermo Scientific. Extinction coefficients were obtained from
Oligo Analyzer™ Tool by Integrated DNA Technologies [48].

The final oligonucleotide concentration in the NMR samples was 0.1
mM for unlabelled and 0.3 mM for site-specific partially labelled oli-
gonucleotides. G4-T1 sample for topology determination was prepared
at 1.0 mM concentration. All samples contained 10 % D-0. Different
folding conditions were investigated with a gradual five-point increase
in the concentration of KPi (pH 7.4) to the final 10 mM concentration,
annealing, and quenching of previously titrated samples.

Both annealing and quenching protocol started with a 5-min-long
incubation in a water bath at 95 °C. While annealed samples were
then left in the water bath to slowly cool overnight, the samples desig-
nated for quenching were instead rapidly cooled by submersion in an ice
bath.

2.2. NMR spectroscopy

All NMR spectra were recorded on Bruker AVANCE Neo 600 or 800
MHz NMR spectrometer at 25 °C unless otherwise specified. 1D proton
spectra were recorded with 96 scans, spectral width 21.9429 ppm and
interscan delay of 2 s. Excitation sculpting was used for the suppression
of water signal. 1D >N HSQC spectra were recorded with 4096 scans,
spectral width of 21.9429 ppm and interscan delay of 1 s. 2D 'H—'H
NOESY spectra were recorded with 32 scans and 1024 increments in
indirect dimension, spectral width of 21.9429, interscan delay of 1.8 s
and mixing time of 250 ms. Spectra were processed and analysed using
TopSpin 4.3.0 [49] and NMRFAM Sparky [50].

2.3. Gel electrophoresis

Denaturing gel electrophoresis was conducted on 20 % poly-
acrylamide gels with 7 M urea in TBE buffer. Before being loaded onto
the gel, the samples were mixed with a loading buffer with formamide
and incubated at 95 °C for 5 min. Similarly, 20 % polyacrylamide gels in
TBE buffer were used for native gel electrophoresis. Gels with samples
titrated to 10 mM KPi contained KCl to the final concentration of 10.3
mM. Gels in the denaturing conditions were stained with SYBR Gold
(0.5 pL of stock solution for 10 min), while native gels were stained
using Stains-all for 30 min and de-stained overnight. All imaging was
conducted with Uvidoc HD6 by UVItec Cambridge.

2.4. CD spectroscopy

The CD spectra were measured using the CD JASCO J1500 spectro-
photometer in a 0.1 mm demountable O-shaped cuvette at 25 °C in the
wavelength range between 200 and 320 nm. The scanning rate was set
to 20 nm min ", and the signal averaging time was 4 s. 0.1 mM NMR
samples were used for CD measurements and all conditions were kept
the same for the two techniques.

3. Results
3.1. Experimental design

Our starting point for the construction of a model system of G4s with
more than four G-quartets is the oligonucleotide G3-T1, for which we
have systematically extended the G-tracts to create the oligonucleotides
G4-T1, G5-T1, G6-T1 (Table 1). G3-T1 represents a very suitable basis
for testing stem elongation due to its high stability, its non-polymorphic
nature and its regular topology with three G-quartets and three propeller
loops with a single thymine residue [51].
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Table 1
Oligonucleotides with respective names and sequences.
Name  Sequence (5' > 3) length  G-tract loop
length length
TGeT T GGGGGG T 8 6 /
G3- T GGG T GGG T GGG T GGG T 17 3 1
T1
G4- T GGGG T GGGG T GGGG T GGGG T 21 4 1
T1
G5- T GGGGG T GGGGG T GGGGG T 25 5 1
T1 GGGGG T
G6- T GGGGGG T GGGGGG T GGGGGG T 29 6 1
T1 GGGGGG T
G6- T GGGGGG TT GGGGGG TT 32 6 2
T2 GGGGGG TT GGGGGG T
G6- T GGGGGG TTT GGGGGG TTT 35 6 3
T3 GGGGGG TTT GGGGGG T
G6- T GGGGGG TTTT GGGGGG TTTT 38 6 4

T4 GGGGGG TTTT GGGGGG T

The influence of loop length was furthermore tested on a series of
oligonucleotides with six guanine residue tracts and a loop length be-
tween one and four thymine residues (G6-T1, G6-T2, G6-T3 and G6-T4).
Thymine residues were chosen for the loops as they are the most inert
option. While cytosine residues could compete for binding with guanine
residues through Watson-Crick base pairing, adenine residues are
known to stack strongly with guanine residues and consequently affect
folding. Moreover, guanine residues can be both part of loops and G-
quartets and therefore cannot be used for controlled extension of the
stem. On the other hand, thymine residues do not interfere with G4
topology by binding and exhibit the least steric hindrance due to their
size [52,53]. Additionally, single thymine residues were added to both
ends of the oligonucleotides to prevent stacking of the structures.

Folding of all oligonucleotides was assessed with stepwise increases
in potassium ion concentration and under different sample preparation
conditions — annealing or quenching for isolation of thermodynamically
or kinetically favoured species.

3.2. The effect of the length of G-tract on the topology of the formed G4
structure

In the presence of potassium cations, G3-T1 is expected to form an
intramolecular parallel G4 with three G-quartets and three one-residue
propeller loops based on the literature data [51]. CD spectrum of G3-
T1 in the presence of 10 mM KPi displays a profile in agreement with
a parallel orientation of G-tracts with a minimum at 245 nm and a
maximum 265 nm (Fig. 1A). Native gel electrophoresis at the same
conditions displays a strong, fast migrating band, indicative of a

International Journal of Biological Macromolecules 280 (2024) 136008

monomolecular species, while two weak, slowly migrating bands can
also be detected that are indicative of multimerisation (Fig. 1B). In full
support of the multimerisation process is an observation of broad upfield
shifted signals between 10.6 and 11.2 ppm in NMR spectra (Fig. 2A). In
agreement with literature data [51], the imino region of the proton 1D
NMR spectrum for oligonucleotide G3-T1 displayed 12 distinct and
sharp peaks (Fig. 2A), which is characteristic of a G4 with three G-
quartets. The spectra do not change significantly with increasing con-
centration of K' ions, suggesting that folding is mostly independent of
potassium cation concentration (Fig. 2A), which is also evident from a
native polyacrylamide gel (Supplementary Fig. 1).

Extending a G-tract length for one from G3-T1 to G4-T1 does not lead
to the formation of four G-quartet structure. Instead, we observe twelve
resolved peaks of high intensity in the imino region of 1D proton spectra
upon the addition of KPi (Fig. 3A). CD spectrum (Fig. 1A) of G4-T1 at 10
mM KPi supports the parallel orientation of DNA strands. The formation
of intermolecular structures is observed to a greater extent than in G3-
T1, as evidenced by the presence of broad signals between 10.4 and
10.9 ppm in the NMR spectrum (Fig. 3A) and a large number of bands
with low mobility on the acrylamide gel, in addition to the high mobility
band (Fig. 1B).

The imino regions of the proton 1D NMR spectra of G5-T1 and G6-T1
(Supplementary Fig. 2) show several broad signals that simultaneously
indicate the presence of structures with Hoogsteen hydrogen bonded
imino protons, but also structural polymorphism. In full support, native
acrylamide gel of G5-T1 and G6-T1 displays a large number of bands
with different mobilities (Fig. 1B), and a reduction of the intensity of the
band with the highest mobility after the addition of potassium cations
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Fig. 2. A The imino region of proton 1D NMR spectra of a five-point titration of
G3-T1 to the final 10 mM concentration of KPi. Spectra were recorded at 0.1
mM DNA, pH 7, 25 °C on a 600 MHz NMR spectrometer. B The topology of the
G4 structure adopted by G3-T1 determined using a combination of 1D and 2D
NMR methods and literature data [51].
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Fig. 3. A The imino region of proton 1D NMR spectra of five-step titration of G4-T1 to the final 10 mM concentration of KPi. B Proton and 1D '°N-edited spectra of
oligonucleotides with site-specifically labelled G7 and G13 residues. C The topology of the G4 structure adopted by G4-T1. Residues outside the core are designated
with rectangles if continuous stacking outside the G-quadruplex core has been observed. D Topology determination of G4-T1 (top left) based on the NOE connec-
tivities in imino-imino (bottom left), imino-aromatic (bottom right) and anomeric-aromatic (top right) region in 2D NOESY spectrum. The anomeric-aromatic region
of a 2D NOESY spectrum is displaying sequential connections for G2-G3-G4-G5, G7-G8-G9, G13-G14-G15 and G17-G18-G19-G20. The cross-peaks corresponding to
the nucleotides in the loops with no sequential connectivities are labelled with numbers 1, 6, 10, 11, 12, and 16. Spectra were recorded at 0.1 or 1.0 mM oligo-
nucleotide concentration, 10 mM KPi, pH 7.4 and 25 °C on a 600 MHz NMR spectrometer.

(Supplementary Fig. 1). Importantly, the bands with the lowest mobility
hardly enter the gel, which suggests the presence of very large inter-
molecular assemblies that are most likely the result of aggregation. CD
spectra of G5-T1 and G6-T1 display minimum at 243 nm and maximum
at 263 nm (Fig. 1), which indicates that the molecular species of G5-T1
and G6-T1 are dominated by complexes with parallel DNA chain ori-
entations. In summary, the broad signals in the imino region of the
proton 1D NMR spectra for G4-T1, G5-T1 and G6-T1 spectra show that
the elongation of the G-tract is associated with the diversification of the
G4 topology. The three G-quartet topology of the G4 structure adopted
by G4-T1 (Fig. 3A) suggests that some guanine residues in the G-tracts
may contribute to the loops, ultimately supporting greater topological
diversity, an effect that is likely to be enhanced in oligonucleotides with
even longer G-tracts.

3.3. Analysis of parallel G3-T1 and G4-T1 structures

To further investigate the predominant topology of G3-T1 we
recorded 2D 'H—'H NOESY NMR spectra with 1, of 250 ms (Supple-
mentary Fig. 3). The combination of 1D and 2D spectra together with
literature data allowed us to confirm the expected three G-quartet par-
allel topology of G3-T1 with one-nucleotide propeller loops and all
guanine residues in anti conformation. We followed sequential H2'/"-H8
and H1'-H8 contacts along G-tracts: Ga-Gb-Gc, Gp-Gr-Gs and G14-G15-
G16 and G2-G3 (Supplementary Fig. 3). The first and the last G-tracts
were unambiguously assigned through sequential connectivities with

flanking residues (i.e., T1-G2-G3 and G14-G15-G16-T17). The remaining
two G-tracts labelled as a-b-c and p-r-s represent G-tracts G6-G7-G8 and
G10-G11-G12, but cannot be unequivocally assigned due to lack of
cross-peaks correlating them with other structural elements. The to-
pology of G3-T1 is depicted in Fig. 2B.

The extension of a G-tract from three to four guanine residues in G4-
T1 did not allow the formation of a structure with four G quartets. In this
way, additional guanine residues are incorporated into loops that allow
the formation of many different structures due to the possibility of
register shifting. The 2D NOESY spectrum G4-T1 shows that there are no
residues in the syn conformation along the glycosidic bond (Fig. 3D),
indicating the existence of a parallel structure. In addition, we can
follow the sequential NOE connectivities from T1 to G5, G7 to G9, and
from G17 to T21 (Fig. 3D), which means that there is no propeller loop in
this part of the structure, as this would lead to the breaking of the
sequential connectivities. From this it can be concluded that the T1-G2
and G20-T21 ends of the molecule are stacked on the final G-quarters
and that G2 and G20 therefore do not belong to the core of the structure.
Based on all these data, four parallel topologies are possible (Supple-
mentary Fig. 4). In order to determine which of the proposed topologies
is adopted by G4-T1, we used '°N-HSQC spectra with isotopically site-
specifically labelled oligonucleotides at positions 7 and 13 (Fig. 3B
and Supplementary Fig. 4). The identification of G7 proton signal at
11.63 ppm excludes topologies 2-1-2 and 2-2-1 (Fig. 3B and Supple-
mentary Fig. 4B), where G7 is not part of a G-quartet core. Furthermore,
the assignment of the G13 imino proton at 12.02 ppm (Fig. 3B)
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confirmed G13 is included in the G4 core. Using the deuterium exchange
experiment, we were able to demonstrate that G13 is a constituent of
one of the non-central G-quartets since the signal for the G13 imino
proton quickly disappeared after the exchange from H,0 to D,0. Using
NOE contacts in the imino-imino, imino-aromatic and anomeric-
aromatic region of 2D NOESY spectrum (Fig. 3D) together with the
unambiguous assignment of G7 and G13 we established that G4-T1
adopts a 1-3-1 parallel topology with residues T6, G10-T11-G12 and
T16 constituting three propeller loops (Fig. 3C). Chemical shift of pro-
tons of residues in loops matches well with their expected structural
position: T6 and T16 in one nucleotide propeller loop are downfield
shifted, in agreement with them being exposed to the solvent and not
stacked within the structure. T1-G2 and G20-T21 in 5 and 3’ flanking
regions, respectively, are on the other hand upfield shifted, as is ex-
pected because they are involved in continuous stacking of the first and
the last G-tract. Residues G10-T11-G12 of the central propeller loop
match well the with chemical shift pattern observed for G10-C11-T12
central propeller loop in 1-3-1 parallel topology of GTERT-060 G4
[54]. Their chemical shift indicates involvement in stacking interaction
at least for T11 and G12. Weak NOE contacts between the methyl group
of T11 with both guanine residues of the loop indicate certain in-
teractions within the loop.

Unlike the other two possible topologies (Supplementary Fig. 4C),
the final 1-3-1 topology of G4-T1 exhibits two one-residue propeller
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loops, which are one of the most stabilising elements of G4 structures
and which aligns completely with our current knowledge of loop length
preference in relationship to structure stability [52].

3.4. Annealing partially resolves structural polymorphism for G5-T1

To examine if different sample preparations aid in resolving the
observed structural polymorphisms for G5-T1 and G6-T1, the titrated
samples were either annealed or quenched. In contrast to G6-T1, where
the imino region of the proton 1D NMR spectra before and after
annealing or quenching showed similar features, the proton 1D spectra
of annealed G5-T1 differed significantly from those before annealing
(Fig. 4A). The spectrum for G5-T1 displays two groups of heavily
overlapped peaks with the line-shape characteristic of the monomeric
species, while the broader signals between 10.30 and 10.75 ppm indi-
cate the presence of intermolecular structures. These results are
consistent with native gel electrophoresis, where the fastest moving
band of an annealed oligonucleotide exhibited significantly higher
mobility than an oligonucleotide prepared under non-annealing condi-
tions (Fig. 4B). Numerous bands seen in native polyacrylamide gel
(Fig. 4B), as well as several additional signals of low intensity in the
imino region of 1D protons spectra of G5-T1 after annealing indicate
that the monomeric species, albeit predominant, is only one of the many
possible forms that G5-T1 adopts. Hence, any experimental technique
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Fig. 4. A The imino region of proton 1D NMR spectra of G5-T1 at increasing potassium concentration, and after quenching and annealing. B Polyacrylamide gel
electrophoresis at 10 mM KCl. The structure formed after annealing (A) displays significantly higher mobility than G5-T1 after titration (10), quenching (Q) or two-
week long incubation in KPi (At). C The partial assignment of G5-T1 imino region with the help of site-specifically isotopically labelled oligonucleotides (bottom),
and the imino region of 1D proton spectra 24 h after an exchange of solvent from H,0 to D0 (top). 1D °N-edited HSQC and 1D H spectra were recorded at 0.3-0.4
mM DNA concentration, pH 7.4 and 35 °C on an 800 MHz NMR spectrometer. °N-edited HSQC spectra for G4 and G10 were recorded at 25 °C. D 2D '3C HSQC
spectrum of site-specifically isotopically labelled G5-T1 at position 21 recorded at 35 °C with corresponding 'H proton spectra (top) and anomeric-aromatic region of
2D NOESY spectrum (bottom) with the labelled sequential connectivities of eight syn-anti pairs. Guanine residues in syn conformation are labelled with numbers from
1 to 8. Five thymine residues are labelled as Ta-e, while four peaks designating the remaining four guanine residues in the loops are marked with blue asterisks. 2D
NOESY spectrum with the mixing time of 250 ms was recorded at 0.44 mM oligonucleotide concentration, 10 mM KPi, pH 7.4 and 35 °C on an 800 MHz NMR
spectrometer. E The tentative G4 topology of G5-T1. Guanine residues in syn and anti conformation are presented with dark and light grey rectangles, respectively.
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that cannot distinguish the contribution of individual species, will report
on average characteristic of an assembly. Nevertheless, the CD spectrum
of G5-T1 differs from the CD spectrum of a parallel structure, such as G3-
T1 or G4-T1 (Fig. 1), as it displays a shoulder at 290-300 nm (labelled
with an arrow in Fig. 1A), which is indicative of a contribution from
either antiparallel or (3 + 1) species.

To determine the topology of G5-T1 we used NMR spectroscopy since
NMR signals — at least in the regions that are not heavily overlapped —
can be attributed to different species based on the signal shape and
connectivities. We employed a concerted use of a DO exchange
experiment, 2D NOESY spectrum, and isotopic labelling of a subset of
guanine residues to establish characteristics of G5-T1 topology. After
H20 to D50 exchange, eight partially overlapping signals were still
visible in the imino region after 24 h (Fig. 4C, top), indicating that we
observe a four G-quartet structure in which the two central G-quartets
are extremely well protected from the solvent. In 2D NOESY spectra we
identified the sequential contacts of eight syn-anti guanine residue pairs
(Fig. 4D), which indicates that the topology of G5-T1 is antiparallel with
characteristic syn-anti-syn-anti distribution of guanine residues along the
G-tract. Moreover, the isotopic labelling unambiguously identified that
all labelled guanine residues (G4, G8, G10, G15, G21) except G14 are
located in the G-quartets, which allowed us to exclude all antiparallel
topologies with four G-quartets where G14 is part of G-quartets and G8 is
not (Supplementary Fig. 5). Considering the combined information from
the deuterium exchange experiment, 2D NOESY and isotopic labelling
suggesting that G21 adopts syn conformation along the glycosidic bond
(Fig. 4D, top), the remaining topologies can be further narrowed down
to seven possible topologies (Supplementary Fig. 6C). Finally, analysis of
additional cross-peaks in NOESY suggests that the antiparallel topology
with three edgewise loops is the one most likely to be adopted by G5-T1
(Fig. 4E). However, due to the heavy overlap in the imino region and the
presence of other species, spectral characteristics within the current
setup did not allow us to assign NOE contacts needed for complete to-
pological analysis, which is currently undergoing.

3.5. Loop length variation leads to formation of multiple structures

The effect of loop length was examined through gradual loop-length
elongation within G6 repeat sequence. We designed four sequences with
the G-tract length of six, where the number of thymine residues
constituting the loops increased from one to four (Table 1). All samples
were subjected to five-point titration to the final KPi concentration of 10
mM, annealing and quenching. All oligonucleotides (G6-T1, G6-T2, G6-
T3, and G6-T4) regardless of sample preparation gave rise to multiple
broad signals in the imino region of 1D proton NMR spectra (Supple-
mentary fig. 6) indicating the presence of multiple structures. In
agreement, several bands of different mobility are observed on native
polyacrylamide gels of G6-T1, G6-T2, G6-T3 and G6-T4 (Fig. 1B). CD
spectra (Fig. 1A) display profiles characteristic of parallel species with a
minimum at 243 nm and a maximum at 263 nm. However, the shoulder
in the region from 290 to 300 nm for G6-T2, G6-T3 and G6-T4 suggests
that the presence of some non-parallel species cannot be excluded.
Because one thymine residue loops are too short to accommodate a
structure with six G-quartets, the guanine residues in G-tracts participate
in loops instead of G-quartets leading to structural polymorphism.
Similarly, the presence of multiple signals in the imino region of proton
1D NMR spectra for G6-T2, G6-T3 and G6-T4 can most likely be
attributed to structures with longer loops allowing for more topological
diversity.

3.6. Six G-quartet structure without structural constraints in loops

We analysed the formation of an intermolecular G4 with six G-
quartets to show that loops are the limiting factor for the formation of six
G-quartet structures in intramolecular G4s. Before titration and the
acquisition of NMR spectra the length of all samples in this study was
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tested with denaturing gel electrophoresis. Except for TGgT all oligo-
nucleotides travelled as expected for a denatured DNA strand of a given
length (Supplementary Fig. 7). TG¢T, however, travelled anomalously
slowly, which could be due to its extreme stability and incomplete
unfolding under denaturing conditions. After titration with potassium
phosphate buffer, the imino region of proton 1D NMR spectra for TGgT
displays six sharp peaks (Fig. 5), demonstrating that with an appropriate
G-tract length and in the absence of all structural restraints in the loops,
a formation of a parallel G4 structure (Fig. 1A) with six G-quartets is
possible.

4. Discussion

In the present study, we investigated the effects of loop length and G-
tract length on G4 topology in the presence of potassium ions for the
oligonucleotides with the potential to form five or six G-quartet struc-
tures. Our approach included gradual G-tract elongation from G3-T1 to
G6-T1. Altogether, we determined three G-quartet topologies for G3-T1
and G4-T1, and a four G-quartet topology for G5-T1. While one-thymine
residue loops easily accommodate the distance and flexibility re-
quirements for the three G-quartet structure of G3-T1, they are not
flexible enough to allow G4-T1 to fold into a four G-quartet topology
with three propeller loops. Concretely, it has been shown that the sharp
turning angle of 136° needed to span four G-quartet layers is incom-
patible with native linkers with the length of one or two residues [55].
Furthermore, a CD and ESI-MS analysis [56] of TG,T (n = 14-20) se-
quences revealed that the oligonucleotides with long G-tracts tend to
fold into structures with lower molecularity than expected, indicating
that the number of guanine residues in the G-tract does not necessarily
equal the number of G-quartets that ultimately form. Our results for G4-
T1, G5-T1 and G6-T1 extend this finding to the sequences with four
shorter G-tracts. The inability of one-thymine residue loops to accom-
modate a G4 structure with number of G-quartets equal to G-tract length
causes the guanine residues to participate in the loop formation, ulti-
mately resulting in the increase in the number of possible topologies. We
uniquely resolved such polymorphism for G5-T1, which adopts a pre-
dominant four G-quartet structure after annealing. Importantly, the final
topology of G5-T1 adds to less than a handful [57-59] of intramolecular
antiparallel four G-quartets structures in the presence of potassium we
know of so far. The determination of the precise topology of G5T is
beyond the scope of this work, as our results indicate that the large
number of guanine residues and the spectral overlap of the signals

t = 14 days, RT

quenching

annealing ’\ A / \

12,5 12.0 11,5 11.0 10.5 10.0
H [ppm]

Fig. 5. Proton NMR spectra after titration and folding in different conditions
for TGeT. All spectra display six intensive peaks representing 24 guanines in six
G-quartets. Spectra were recorded at 0.1 mM DNA concentration, pH 7.4 and
25 °C with a 600 MHz NMR spectrometer.
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require 1°N labelling of at least part of the remaining 14 guanine resi-
dues. In addition, both the native polyacrylamide gels and NMR spectra
show that a significant proportion of the molecules are involved in the
formation of higher order structures, which could not be avoided with
the current sample preparation and relatively high oligonucleotide
concentration needed for the NMR measurements. However, examples
from the literature confirm that fine-tuning conditions such as salt
concentration, temperature and folding mode can isolate a species to a
sufficient extent, and this is a direction in which we will be working in
the future.

The effect of loop length on G4 topology was investigated with oli-
gonucleotides G6-T1, G6-T2, G6-T3 and G6-T4. The predominant to-
pologies for these oligonucleotides could not be determined due to the
structural polymorphism indicated by the numerous signals in 1D pro-
ton NMR spectra. Our data confirms that longer loops allow oligonu-
cleotides to accommodate multiple topologies [52,60,61]. Among those
topologies the structures with long total loop lengths most likely fold
into non-parallel topologies [52,62], where the increased entropic cost
needed to stabilise the loops can be balanced with the interactions
within them [52].

Interestingly, both G-tract and loop elongation ultimately resulted in
structural polymorphism, which most likely occurred due to the
increasing loop length either as a consequence of actual loop elongation
or the inclusion of guanine residues in the loops. The presence of mul-
tiple topologies adopted by the oligonucleotides with longer loops is
represented by numerous signals in the imino regions of proton 1D NMR
spectra. On the other hand, the frequently observed broadening of sig-
nals is likely connected with aggregation of molecules with long G-
tracts. While we unequivocally show that the examined sequences
cannot form a five or six G-quartet structures with propeller loops, we
cannot indisputably exclude the existence of such structures with non-
propeller loops. On the other hand, the presence of multiple G4 struc-
tures in equilibrium might point to the potential dynamic nature of such
species that actualises through G-strand slipping and base-swapping
[63-65]. Such inter-convertibility of G4 structures could represent a
type of biological regulation [66] implying the importance of a tight
control over transcription and translation of related genes.

In general, due to their position and function in promoter and other
regulatory regions of important genes, G4s are deemed as a very desir-
able therapeutic target [22,67,68]. However, due to their common G-
quartet core and a limited number of topologies for thousands of puta-
tive G4-forming sequences present in the human genome, specific tar-
geting has proved to be a considerable challenge [43]. Most G4 ligands
belong to small molecules, such as acridine derivatives, porphyrins and
their derivatives, natural G4 ligands (telomestatin) and certain fluo-
roquinolone antibiotics [69], however, additional alternative ap-
proaches have been explored as well [43,69-72]. No matter the type of
the molecule they all exploit the same recognition sites — most
commonly the accessible surfaces of the G-quartet core, but also loops
and flanking sequences [43] — leaving out an important and possibly
highly specific element, which is G4 groove length. The length of groove
is rarely considered as a recognition element worth exploring, most
likely because there is no evidence of in vivo G4 structures with more
than four G-quartets that would have a significantly longer stem.
Nonetheless, due to the rarity of putative five or six G-quartet G-rich
sequences in the human genome and the consequent lack of possible off-
targets, this might prove to be a crucial advantage for future specific
targeting attempts in the context of novel drug development. With our
consequent work we hope to identify and isolate structures with more
than four G-quartets that will pave the way for groove-length specific
binding, facilitate the identification of these structures within the cell
and contribute our understanding of their role in cellular processes.

In conclusion, our systematic study of the effect of loop and G-tract
elongation uncovered important effects of loop and G-tract length on
topology for potential intramolecular five and six G-quartet structures.
This knowledge may contribute to the search for novel G4 forms in vitro

International Journal of Biological Macromolecules 280 (2024) 136008

as well as in vivo. Finally, we propose an unexplored approach for spe-
cific G4 targeting using the G4 groove length as the recognition element,
which might facilitate the future therapeutic application in the case of
five and six G-quartet structures.
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