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The biocompatibility as well as the sustainability of a deep eutectic
solvent makes it a good substitute for aqueous media in studying
biomolecules. Understanding the structure and stability of natural
and non-natural G-quadruplexes in aqueous and highly viscous
media will be useful in biological and nanodevice applications. We
report the synthesis and conformational analysis of a model G-rich
oligonucleotide G3T3 and non-natural G-rich sequences Pyrl—-Pyr3
in aqueous and highly viscous media. Progressive increases in the
loop replacement with a non-natural pyrene linker leads to a sys-
tematic increase of the thermal denaturation temperature of the
modified G-rich oligonucleotides Pyr1—Pyr3 in 10 mM cacodylate
buffer (pH 7.2) containing 100 mM KCl, as monitored using UV-Vis
spectroscopy. A circular dichroism signal clearly revealed the for-
mation of a predominantly anti-parallel vs. parallel conformation
in the natural G-rich oligonucleotide GsTs as well as the non-
natural G-rich oligonucleotides Pyrl-Pyr3 in 10 mM cacodylate
buffer (pH 7.2) containing 100 mM KCLl. On the other hand, we
observed thermodynamic destabilization of G-rich oligonucleo-
tides in a deep eutectic solvent (DES; 1:2 choline chloride—urea)
containing 100 mm KCLl with an increase in loop replacements.
Interestingly, we observed an exclusively parallel G-quadruplex
conformation in the case of GsTs in DES containing 100 mm KCL.
While pyrene containing G-rich oligonucleotides Pyrl—-Pyr3
exhibited a predominantly parallel vs. anti-parallel G-quadruplex
conformation in DES containing 100 mM KCL

Guanine rich oligonucleotides are prone to adopt stacks of
planar G-quartets through Watson-Crick and Hoogsteen
hydrogen bonding in the presence of metal ions." G-quartet
structures are widely spread in the genomic system and play
a vital role in cellular processes such as replication,
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recombination, transcription and translation.”™ G-quartet

based structures also have the potential to control the bottom-
up synthesis of well-defined nanoarchitectures.” Structure,
stability® and storage”® of G-quartet based structures
in aqueous solution,”™" room temperature ionic liquids
(RTILs),"* anhydrous deep eutectic solvent (DES)*'* and a
molecularly crowded polyethylene glycol (PEG) medium'® have
been investigated in detail. While interest towards the stability
of G-quadruplex structures in different non-natural environ-
ments is emerging, the stability of non-natural G-quadruplex
structures both in natural and non-natural environments
demands further attention. We report the synthesis and con-
formational analysis of a model G-rich oligonucleotide G;T;
and non-natural G-rich sequences Pyr1-Pyr3 (Fig. 1). A sys-
tematic replacement of lateral and diagonal thymine (TTT)
containing loops from the model oligonucleotide G;T; using a
pyrene linker resulted in non-natural G-rich oligonucleotides
Pyr1-Pyr3. Conformation and thermodynamic stability of
modified G-rich oligonucleotides Pyr1-Pyr3 in comparison to
the model G-rich oligonucleotide G3T; is studied both in
aqueous (cacodylate) buffer and a deep eutectic solvent (DES;
1:2 choline chloride-urea) medium. Incorporation of a fluo-
rescent reporter'>'® such as a pyrene chromophore into the
loop region of the G-rich sequence that possesses distinct
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Fig. 1 Schematic representation of the intramolecular formation of a
pyrene modified G-quadruplex and the structure of the pyrene linker
and guanine.
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Table 1 Sequence of G-rich oligonucleotides Pyrl—Pyr3 and the model oligonucleotide (G3T3) used and the corresponding thermal denaturation

temperatures (°C) under different conditions

Oligo Sequence T @ T.° T € T, ¢
G;T; 3'd(GGGTTTGGGTTTGGGTTTGGG)5' 70.2 — 68.8 —

Pyr1 3'd(GGGPyI‘GGGTTTGGG I'T GGG)S' 69.9 69.7 60.9 30.4
Pyr2 3'd(GGGPyrGGGTTTGGGPYrGGG)5' 74.5 75.1 40.8 33.3
Pyr3 3'd(GGGPyrGGGPyrGGGPYyrGGG)5' 87.2 80.9 36.6 35.2

Measured in 10 mM sodium cacodylate buffer (pH 7.2) containing 100 mM KCl and monitored at “295 nm and °360 nm. Samples measured in

DES containing 100 mm KCl monitored at ©295 nm and 9360 nm.

fluorescence behaviour (monomer vs. excimer) depending
upon the conformation'” can provide insight on structural
polymorphism. While end-labelled pyrene units'®*>' in a
G-rich sequence offer insight into conformational folding and
un-folding, loop replacement in G-quadruplex structures can
provide better structural information.

The pyrene linker (Pyr) is synthesized as per the procedure
reported previously (Scheme S1, ESI}).>> Pyrene-1,8-dicarb-
oxylic acid obtained from pyrene* is converted to the
corresponding aminopropanol linker, followed by 4,4"-
dimethoxytrityl protection on one hydroxyl and a phosphora-
midite reaction on the other hydroxyl group to give the desired
linker. Pyrene bisamide phosphoramidite is then incorporated
into the G-rich oligonucleotides Pyr1-Pyr3 (Table 1) through
standard phosphoramidite chemistry.>**> Further deprotec-
tion occurs using concentrated ammonium hydroxide, then
purified using reverse phase HPLC and characterized by MALDI-
TOF mass spectrometry (Table S1, ESIf). In order to under-
stand the stability of natural and non-natural G-quadruplex
sequences in a non-natural environment, we carried out
measurements in deep eutectic solvent (DES; 1:2 choline
chloride-urea) containing 100 mm KCl. We have prepared
DES§ as per the procedure reported by Abbott and co-
workers.>®

UV-Vis absorption spectra of pyrene incorporated G-rich oligo-
nucleotides Pyr1-Pyr3 in 10 mM sodium cacodylate buffer
(pH 7.2) containing 100 mM KCl exhibited two distinct bands
centered around 260 and 355 nm (Fig. 2A). While the absorp-
tion band centered around 260 nm corresponds to the elec-
tronic transitions in nucleobases, the broad band centered
around 355 nm corresponds to the incorporated pyrene
chromophore(s) in the G-rich sequences. A significant red
shift of 10 nm corresponding to the pyrene chromophores in
Pyr1-Pyr3 when compared to the model pyrene derivative Pyr
in 10 mM sodium cacodylate buffer (pH 7.2) containing
100 mM KCI clearly indicates the presence of n-stacking inter-
actions between pyrene and the adjacent G-quartet (Fig. S1,
ESI}). UV-Vis absorption spectra of Pyr1-Pyr3 in deep eutectic
solvent (DES; Fig. 2C) containing 100 mm KCl exhibited bands
centered around 260 and 354 nm, similar to that in cacodylate
buffer.

Upon excitation at 360 nm, Pyrl in 10 mM sodium cacody-
late buffer containing 100 mM KCl exhibited an emission
band centered around 397 nm corresponding to the
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Fig. 2 Normalized absorption spectra of GsTz, Pyrl, Pyr2 and Pyr3 in
(A) 10 mM sodium cacodylate buffer (pH 7.2) containing 100 mM KCL.
(C) DES containing 100 mm KCL. Normalized fluorescence spectra of
Pyrl, Pyr2, and Pyr3 in (B) 10 mM sodium cacodylate buffer (pH 7.2)
containing 100 mM KCl and (D) DES containing 100 mm KCL.

monomeric pyrene chromophore (Fig. 2B). While Pyr2 and
Pyr3 under similar conditions exhibited two emission maxima
centered around 397 and 500 nm (Pyr2)/510 nm (Pyr3) that cor-
respond to monomer and excimer emissions of pyrene,
respectively. The observed pyrene excimer emission in the case
of Pyr2 and Pyr3 can arise from the ordered G-quadruplex
structure resulting in cofacial n-stacking interactions between
the pyrene units incorporated in the lateral loops. Moreover,
incorporation of the pyrene linker Pyr in the diagonal loop of
Pyr3 seems to stabilise the G-quadruplex structure and results
in better overlap of the pyrene units in the lateral loop.
Enhanced overlap is consistent with the higher Iecimer/Zmonomer
and larger red shift in the excimer emission for Pyr3 (510 nm),
when compared to Pyr2 (500 nm). The relatively higher fluo-
rescence intensity of excimer vs. monomer is a consequence of
events such as (i) efficiency of photoinduced electron transfer
between the constituents and (ii) the extent of overlap between
the pyrene units. We attribute the enhanced ratio of excimer to
monomer fluorescence intensity of Pyr3 in cacodylate buffer in
terms of the difference in efficacy of photoinduced electron
transfer from guanine to the singlet excited state of pyrene
(AG = 0.0 + 0.1 V)*” vs. excimeric pyrene, as reported by Lewis

This journal is © The Royal Society of Chemistry and Owner Societies 2014
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and coworkers.”® Excimeric pyrene could be less sensitive to
fluorescence quenching by the G-stack, in agreement with the
lower singlet state redox potentials of the pyrene excimer vs.
monomer. Therefore we observe a strong quenching in the
fluorescence intensity corresponding to monomeric pyrene
when compared to excimeric pyrene in Pyr3.

Upon excitation at 360 nm, Pyrl in the deep eutectic
solvent (DES; 1:2 choline chloride-urea) containing 100 mM
KCl exhibited an emission band centered around 387 nm
(Fig. 2D) corresponding to the monomeric pyrene chromo-
phore, similar to that in cacodylate buffer. While Pyr2 in deep
eutectic solvent containing 100 mm KCl exhibited a predomi-
nant emission intensity at 387 nm, a weak broad shoulder
around 460 nm is also observed. Pyr3 under similar conditions
exhibited two intense broad bands centered around 400 and
465 nm. The ratio of Iexcimer/Imonomer fOr Pyr3 is found to be
higher when compared to Pyr2 in deep eutectic solvent. Pyr2
and Pyr3 have a lower ratio of Ieycimer/Imonomer i deep eutectic
solvent when compared to that in cacodylate buffer. This
clearly indicates that cacodylate buffer favours better overlap
between the pyrene units in the lateral loop of Pyr2 and Pyr3
when compared to that in deep eutectic solvent containing
100 mm KCI.

With an increase in concentration of KCI, Pyr2 in 10 mM
sodium cacodylate buffer (pH 7.2) containing 100 mM KCI
exhibited an evolution of strong CD signal centered at 260 and
290 nm (1:1.1) that corresponds to parallel and anti-parallel
G-quadruplex structures respectively (Fig. S2, ESI1). A similar
trend was observed for Pyr1 (1:1.7) and Pyr3 (1:1.7) that sup-
ports the formation of parallel and anti-parallel G-quadruplex
structures (Fig. 3A). Similarly, the model G-rich oligonucleo-
tide (G3T3) in 10 mM sodium cacodylate buffer (pH 7.2) con-
taining 100 mM KCl exhibited CD signal centered at 260 and
290 nm having an intensity ratio of 1:2.4 that corresponds to
parallel and anti-parallel G-quadruplex structures.”*> On the
other hand, Pyrl in DES medium containing 100 mm KCI
exhibited two CD signals centered at 260 and 290 nm with a
ratio of 1:0.6. Observation of CD signals at 260 and 290 nm
(Fig. 3B) indicates the existence of a combination of parallel
and anti-parallel G-quadruplex structures, respectively. Pyr2 in
DES medium exhibited a moderate increase in the population
of parallel vs. anti-parallel G-quadruplex structures (1:0.5)
when compared to Pyrl. Pyr3 under similar conditions
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Fig. 3 Circular dichroism spectra of GzTs, Pyrl, Pyr2 and Pyr3 in (A)

10 mM sodium cacodylate buffer (pH 7.2) containing 100 mM KCl and
(B) in DES containing 100 mm KCL.
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exhibited a predominant formation of parallel vs. anti-parallel
G-quadruplex structures (1:0.15). The model G-rich oligo-
nucleotide (G;T3;) in DES medium containing 100 mm KCl
showed a CD signal at 260 nm suggesting the existence of a
parallel G-quadruplex structure."?

The observed higher Iexcimer/Imonomer, 1arger red-shift in the
excimer emission maximum and the existence of an anti-
parallel G-quadruplex structure in 10 mM sodium cacodylate
buffer containing 100 mM KCl clearly indicates the fact that
an anti-parallel structure favours excimer emission of pyrene
in Pyr2-Pyr3. While the decrease in excimer emission corres-
ponding to the pyrene chromophore in Pyr2 and Pyr3 indicates
the formation of a parallel structure that has pyrene units
propelled out of the G-quadruplex disfavouring the orbital
overlap between the pyrene units. However, the observed
moderate excimer emission corresponding to the pyrene
chromophore in Pyr2 and Pyr3 could be attributed to a minor
population of an anti-parallel structure, as evidenced from the
circular dichroism signal.

With an increase in temperature, Pyrl in 10 mM sodium
cacodylate buffer containing 100 mM KCl exhibited a sigmoi-
dal change having a thermal denaturation temperature (T,,) of
69.9 °C (Table 1) when monitored at 295 nm by an UV-Vis
absorption method (Fig. 4A). The observed strong hypochro-
mism (50%) and sigmoidal transition in the case of Pyrl in
10 mM sodium cacodylate buffer containing 100 mM KCI
strongly suggests the formation of a G-quadruplex structure.*
We observed a similar T, value of 70.2 °C for the model G-rich
oligonucleotide (G3T3) in 10 mM sodium cacodylate buffer
containing 100 mM KCI. Pyr2 under similar conditions exhibi-
ted an increase in the melting temperature (Ty, = 74.5 °C) possi-
bly due to the two lateral loop replacements when compared
to a single lateral loop replacement in Pyrl. A significant
increase in melting temperature (7,, = 87.2 °C) was observed
for Pyr3 that has thymine-thymine-thymine (TTT) steps
replaced by the Pyr linker in both the lateral loops and the
diagonal loop. A remarkable increase in the T, value of Pyr3 is
consistent with the enhanced pyrene excimer emission arising
from favourable overlap of pyrene units in the lateral loops as
a consequence of diagonal loop replacement by the Pyr linker.
The thermal denaturation temperature monitored at the
pyrene region (360 nm) exhibited an increase with the increase
in number of Pyr linker replacements, in good agreement with
the Ty, value monitored at 295 nm.
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Fig. 4 Normalized UV melting spectra of GsTs, Pyrl, Pyr2 and Pyr3 in
(A) 10 mM sodium cacodylate buffer (pH 7.2) containing 100 mM KCl
and (B) in DES containing 100 mm KCL
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Similar thermal denaturation profiles were observed at 295
and 360 nm for G-rich sequences such as Pyrl and Pyr2 in
10 mM sodium cacodylate buffer (pH 7.2) containing 100 mM
KCl where the G-quadruplex tetrad melts simultaneously with
the unstacking between the Pyr and the G-stack. While in Pyr1
and Pyr2 in DES containing 100 mM KCI and Pyr3 in cacody-
late buffer, unstacking of Pyr precedes the melting of the
G-stack. Detailed thermodynamic/computational analysis on
the observed discrimination in the unstacking between the
pyrene chromophore and the G-stack vs. quadruplex melting
in pyrene containing G-rich sequences is in progress in our
laboratory.

In DES medium containing 100 mM KCl, the model G-rich
oligonucleotide (G;T;) exhibited a Ty, value of 68.8 °C, compar-
able to that in cacodylate buffer (Fig. 4B). With an increase in
the number of Pyr linker replacements, we observed a systema-
tic decrease in the T, value that resulted in 36.6 °C for Pyr3, in
contrast to that in the case of cacodylate buffer. Thermal dena-
turation monitored at the pyrene chromophore region showed
a relatively lower dissociation temperature indicating a weak
interaction between pyrene and the G-quartet, in the case of
Pyr1-Pyr3 in DES medium.

Human telomeric DNA (Htelo) shows both the parallel and
anti-parallel conformations under physiological conditions.
Htelo adopts an exclusively parallel stranded conformation in
physiological K solution under molecular crowding con-
ditions created by 40% PEG (polyethylene glycol), as reported
earlier by Tan and coworkers."> Experiments in non-natural
environments were further extended to a water free medium
(DES; deep eutectic solvent) by Hud and coworkers."® As con-
firmed through circular dichroism studies, Htelo in DES exhi-
bits a parallel stranded conformation consistent with Htelo
in 40% PEG solution. While interest towards the stability of
G-quadruplex structures in different non-natural environments
is emerging, the stability of non-telomeric and non-natural
G-quadruplex structures both in natural and non-natural
environments demands further attention. Our study on the
non-telomeric G-rich sequence G;T; reveals a combination of
parallel and anti-parallel conformations in cacodylate buffer,
consistent with Htelo. In a highly viscous anhydrous deep
eutectic solvent (DES) medium, G;T; showed only a parallel
conformation similar to Htelo in DES medium. Non-natural
G-rich sequences Pyr1-Pyr3 having the TTT loop(s) replaced by
pyrene-linkers display a mixture of parallel and antiparallel
stranded conformations both in natural and DES media. The
existence of an anti-parallel conformation, one of the more
commonly occurring conformations in physiological media, in
Pyr1-Pyr3 in a non-natural medium allows us to investigate
the stability in a water free environment.

Conclusions

In summary, we report the contrasting behaviours of non-
natural G-quadruplex geometry in natural (cacodylate buffer)
and non-natural (DES) media, when compared to a natural
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G-quadruplex geometry under similar conditions. The natural
G-rich sequence G;T; exhibits a combination of parallel and
anti-parallel conformations in cacodylate buffer, while in a
highly viscous anhydrous deep eutectic solvent (DES) medium
only parallel conformation of G3T; was observed. We observed
a similar combination of parallel and anti-parallel G-quadru-
plex formation in pyrene incorporated G-rich oligonucleotides
Pyr1-Pyr3 in cacodylate buffer as well as DES medium. Such
modified G-quadruplex structures with attractive thermo-
dynamic properties could have uses in biological and
nanodevice applications. Moreover, chromophore labelled
G-quadruplex structures in water free environments such as a
DES medium could provide an insight into the role of water
molecules in the photoinduced excited state processes of
quadruplex structures.
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