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The interest in DNA based nanostructures arises from their potential applications in diagnostics and drug
delivery and in the development of new hybrid and conducting materials. Guanine-rich oligonucleotides
can multimerize forming long and stable supramolecular structures, known as G-wires, based on the
G-quadruplex (G4) motif. Herein, we report a method to easily obtain long DNA G-wires based on a new
tetramolecular G4 subunit formed by the d(5'-CGG-3'-3'-GGC-5') sequence containing a 3'-3" inversion
of polarity site. The formation of the G-wire assembly exploits the multimerization ability of G4s present-
ing the CGG motif at their 5" end via n—=n stacking interactions between flanking G4 subunits. The struc-
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Introduction

The discovery of new biomaterials based on ordered supramo-
lecular structures is a hot topic in the development of
nanotechnologies."” Among the various biomaterials able to
build supramolecular structures, the DNA strand is a very
attractive building-block having the capability of forming
supramolecular complexes whose dimensions and shapes can
be predicted ab initio by varying the length and sequence of
the DNA strand.® ' DNA-based supramolecular structures are
built by exploiting the self-assembling driving forces of DNA
strands which bind to each other following simple base-
pairing patterns based on Watson-Crick, Hoogsteen and
reverse Hoogsteen hydrogen-bonding rules. Depending on the
combination of the hydrogen bonding patterns involved, DNA
strands can form predictable and well-defined secondary struc-
tures (e.g. duplex, triplex, DNA origami, G4).”>'* G4s are
unusual RNA and DNA secondary structures which form when
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polyacrylamide gel electrophoresis, circular dichroism, 'H NMR and atomic force microscopy studies.

G-rich ON strands are annealed in the presence of suitable
cations. The binding motif of G4s is the G-quartet (Fig. 1A), a
planar arrangement formed by four guanine bases held
together by eight Hoogsteen hydrogen bonds."”™"” n-r inter-
actions generated between the stacked G-quartets and the pres-
ence of coordinating cations, such as potassium or sodium,
give stability to the whole G4 structure.'®>!

G4s are involved in many critical biological processes,
including the expression of many proto-oncogenes, the main-
tenance of telomere length and the recognition and binding of
several proteins,*® and are also emerging as self-assembling
scaffolds to be used in supramolecular chemistry applications
and nanotechnology.”” Furthermore, G4s possess higher con-
ductivity than DNA duplexes, thus suggesting their use in
bioelectronics.>® "

Supramolecular structures based on a G4 scaffold can be
obtained directly through the self-assembling of the G-rich
strands (Fig. 1B) or by multimerization of G4 building blocks
held together by end-to-end n—x stacking (Fig. 1C). The G-wires
reported, in Fig. 1B, characterized by the cooperative binding
of interlocked slipped strands, have a rod-shaped super-
structure that can reach the length of thousands of nano-
metres along the axis perpendicular to the G-tetrad
planes.***> The multimerization of a G4 building block is a
process that produces stacked G-wires (Fig. 1C), which are
supramolecular structures having a shape similar to the
G-wires."®?%*® Other kinds of G-wires containing both these
structural motifs are also reported.**** The factors that influ-
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(A) : G-tetrad (B): G-wire

(C): stacked G-wire
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(D): stacked G-wire formed by

ODN 1 d(5'-CGG-3'-3'-TGGC-5') ——

Fig. 1 Schematic representation of (A) G-tetrad, (B) interlocked G-wire, (C and D) stacked G-wires.

ence this multimerization process are: the molecularity of the
G4, the base composition of the loops, the presence of over-
hanging nucleotides at 5’ or 3’ end of the G-rich strand, the
number of G-tetrads in the G4 monomer and the kind of n-x
stacking among the monomeric building blocks.****

In previous studies, we reported that the 7-mer
d(CGGXGGT) (X =T, A, C, G) ONs in the presence of K' ions
form tetramolecular d(CGGXGGT), G4s (from here on referred
as the Q; monomeric building blocks) which rapidly evolve to
the corresponding dimeric Q, complexes via t—-r end-stacking
interaction between the unusual G(:C):G(:C):G(:C):G(:C) planar
octad formed at the 5-CGG end of each Q, building block
(Fig. S1, ESIT)."®" In a successive paper, this finding was
exploited in the formation of n-n stacked G-wires (Fig. 1D)
obtained through the multimerization of G4 monomeric build-
ing blocks having the 5-CGG sticky moiety at both ends. To
this aim, we synthesized the d(5-CGGT-3'-3'-GGC-5") (1,
Fig. 1D) ODN sequence incorporating an inversion of polarity
site at the 3’ side of the central T."® In this paper, we continue
our study on 5'-5' stacked G-wires, enlarging their repertoire
with those formed by the shorter symmetric d(5-CGG-3"-3'-
GGC-5) ODN sequence (2, Fig. 2), as demonstrated through
size exclusion chromatography (HPLC-SEC), polyacrylamide
gel electrophoresis (PAGE), circular dichroism (CD), 'H NMR
and atomic force microscopy (AFM) evidence.

2188 | Org. Chem. Front,, 2020, 7, 2187-2195

The comparison of stability and length distribution
between the G-wires formed by 1 and 2 revealed the crucial
role played by the presence of the thymidine at the inversion
of polarity site.

Results and discussion

Synthesis of d(5-CGG-3"-3-GGC-5') and formation of ©t-7xt
stacked G-wires

d(5'-CGG-3"-3-GGC-5") (2) was synthesized using a solid phase
automated DNA synthesizer as described in the Experimental
section. The 3'-3' phosphodiester bond was achieved by per-
forming the first three coupling cycles using 5’-phosphorami-
dites, and the remaining three using standard 3'-phosphorami-
dites. After purification by HPLC in a SAX column, the struc-
ture and purity of 2 were confirmed by ESI MS data and 'H
NMR spectroscopy. In particular, the enhanced resolution
ESI-MS spectrum of 2 showed a single peak corresponding to
the single-stranded double-charged pseudomolecular ion [M —
2H]*™ (m/z 915.0, Fig. S21). The "H NMR spectrum recorded at
50 °C showed the expected three aromatic and three anomeric
proton signals because of the symmetric nature of the ODN
sequence (Fig. S37). The G4 building block 3 and the G-wire 4
(Fig. 2), from now on respectively referred as Q, and Q,, were

This journal is © the Partner Organisations 2020
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4, Q,,, G-wire polymer

Fig. 2 Formation of the G-quadruplex building block 3 (Q4) and its multimerization into G-wire polymers 4 (Q,,) starting from 2.

obtained by dissolving 2 in 1.0 M K'-containing buffer at the
single strand (ss) concentration of 0.05, 1.0 and 3.6 mM fol-
lowed by heating at 90 °C for 10 min, fast cooling at 4 °C and
storage for 24 before further investigation. The formation of Q,
and its dimer Q, was also confirmed by ESI-MS spectrometry
which showed multicharged peaks corresponding to the G4
species stabilized respectively by three or six ammonium ions

(Fig. S47).

Polyacrylamide gel electrophoresis (PAGE) studies

ODN 2 after the annealing procedure was analyzed by PAGE to
investigate on the G4 formation and its multimerization to
form the Q, multimers. We compared the electrophoretic
mobility of 2 (lane 3 and 4, in Fig. 3A) with those of the G4s
d(TGGGGT), (lane 1) and d(CGGTGGT); (lane 2), used as size
markers for the G4 building block Q; and its dimer Q,,
respectively. ODN 2 annealed at 1.0 mM ODN single strand
concentration in 1.0 M K' buffer migrated as a well-defined
ladder of bands (lane 3) in which the shorter terms of the Q,
polymer (Q;-4) could be identified. The fastest band (lane 3)
migrated with almost the same mobility as the G4 monomer
marker (lane 1) and was attributed to the Q, species (3, Fig. 2)
also considering the DNA ladder reference (lane 5). As
expected, Q, species (48 nucleotides) migrated a little faster
than the dimer marker (lane 2, 56 nucleotides). Furthermore,
we observed that the efficiency and progression of the polymer-
ization process of 2 depend on its concentration. When 2 was
annealed at 0.05 mM in the same buffer, it showed a different
distribution of the multimers (lane 4), in which only the first
three terms (Q4-3) of the G-wires distribution could be clearly
observed.

This journal is © the Partner Organisations 2020

These data strongly suggest that 2 in the presence of K'
ions self-assembles to give a distribution of G-wire species of
different length (4, Fig. 2) by the sequential 5-stacking of the
symmetrical tetramolecular G4 building block 3. The PAGE in
Fig. 3B reports the comparison between the electrophoretic
mobility of the G-wires formed by 1 and 2. As expected, all
bands formed by the longer (7-mer) ODN 1 had lower mobility
than the corresponding bands formed by the shorter (6-mer)
ODN 2.

Size exclusion chromatography (SEC) studies

The G-wires distribution formed by 2 was further analyzed by
size exclusion chromatography at room temperature on a Yarra
2000 HPLC-SEC column. The HPLC profile of 2 annealed at
1.0 mM ss concentration in 1.0 M K'-containing buffer is
reported in Fig. 4B. It showed a distribution of peaks in which
lower molecular weight species had greater retention times.

As molecular weight markers, we used d(T6), d(TGGGGT),
and d(CGGTGGT)g respectively for the single-stranded ODN
and for the monomeric (Qy~) and dimeric (Q,~) G4 assemblies
(Fig. 4D). The above mentioned HPLC profiles indicated that
in the reported conditions 2 forms a distribution of Q,, multi-
mers composed by all members of the series with n < 7.
Longer G-wires (n > 7) and the ss ODN were present only as
traces (Fig. 4B). The HPLC-SEC analysis of the multimers
formed annealing ODN 2 at lower concentration (0.05 mM ss
concentration, Fig. 4A) agreed well with the PAGE data. Only
three peaks (Q;_3) were observed, thus indicating that the
polymerization process is slow at lower ODN concentrations.
When 2 was annealed at 3.6 mM ss concentration, we saw, as
expected, the shift towards higher molecular weight species of

Org. Chem. Front, 2020, 7, 2187-2195 | 2189
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(A) Electrophoretic mobility of ODNs assessed 24 h after annealing in 1.0 M K* buffer and storage at 4 °C. Lane 1: d(TGGGGT),; lane 2:

d(CGGTGGT)g; lane 3: 2 (1.0 mM ss conc.); lane 4: 2 (0.05 mM ss conc.); lane 5: duplex DNA ladder scale. (B) Comparison of the Q,, distribution

formed by 2 (lane 3) and 1 (lane 4).

the Q,, distribution (Fig. 4C). Neither of the HPLC profiles
showed in Fig. 4A-C changed prolonging the annealing time
of the injected sample up to 48 h and 72 h, thus suggesting
that in those conditions the polymerization-depolymerization
process reaches an equilibrium within the first 24 h from the
annealing (data not shown). We also tested the capability of
ODN 2 to form Q, multimers in the presence of NH," and Na"
cations. In both cases, we detected a slower but similar
polymerization process that was monitored by HPLC-SEC and
PAGE experiments (data not shown). To assess the purity and
stability at time and temperature of the shorter members of
the Q,, distribution 4, we collected the HPLC-SEC peaks of Q;_3
and stored them at r.t. in the collected eluent. Each isolated
peak was reinjected in the same conditions 30 min or 24 h
after the isolation to check the propensity to convert either
into higher or lower M.W. assemblies (Fig. S5T). The results
revealed that Q; was obtained as an almost pure species that
remained stable for 24 h when only a little amount of the Q,
species (5%) was observed. On the contrary, the reinjection of
Q, and Q; 30 min after their isolation disclosed the formation
of shortening fragments, whose amounts increased consider-
ably after 24 h. In any case, we did not observe the re-for-
mation of the single strand 2. The effect of the temperature on
the distribution of Q, multimers formed by 2 was studied by
injecting the annealed 2 before and after its heating at 45, 65
and 85 °C (Fig. S6BT), and the results were compared with the
corresponding data reported for Q, multimers formed by 1
(Fig. S6AT).*" In both cases, the heating induced the melting
of longer G-wires with the concomitant increase of the

2190 | Org. Chem. Front., 2020, 7, 2187-2195

G4 monomer Q. However, we observed a noteworthy differ-
ence in the amount of ss species formed by the two ODNs. In
the HPLC-SEC profile of 1, the most retained peak corres-
ponding to the ss ODN was observed at all the studied temp-
eratures and represented the most intense or the only relevant
peak respectively at 65 and 85 °C (Fig. S6AT). Conversely, in the
case of 2, we did not observe a significant amount of the ss
species even at 85 °C, where Q, and Q, were the sole observa-
ble species in the 5:1 ratio. The HPLC-SEC study evidenced
the higher thermal stability of the G4 monomer formed by 2,
likely due to the absence of the central thymine base that,
instead, weakens the G-tetrads stacking in the corresponding
G4 building block formed by 1.

Circular dichroism (CD)

CD spectroscopy furnishes useful information about the for-
mation and topology of G4s. It is well documented that the CD
profiles of parallel G4s display a maximum around 265 nm
and a minimum around 240 nm; while those of antiparallel
G4s show a maximum around 295 nm and a minimum around
260 nm. These profiles result mainly from the different combi-
nation of the glycosidic bond conformation of guanosines par-
ticipating in the G-tetrad core. In parallel G4s all guanosines
engaged in a G-tetrad adopt the anti conformation, whereas in
antiparallel G4s they adopt alternating syn-anti glycosidic
bond conformation along the stem.'®*°! In the case of Q,
formed by 2, we observed a CD profile that results from the
peculiar structural features of these structures, i.e. the pres-
ence of a 3'-3' inversion of polarity site in the G4-forming ODN

This journal is © the Partner Organisations 2020
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Fig. 4 HPLC-SEC profiles of Q,, distributions obtained by annealing 2 at
(A) 0.05 mM, (B) 1.00 mM and (C) 3.60 mM. (D) HPLC-SEC profiles of the
single strand (dTg), G4 monomer (Qy+) and G4 dimer (Qz«) markers.

and the n-n stacking between the 5-ending octads belonging
to the different G4 building blocks participating in the for-
mation of Q,, G-wires.

The CD profile of the Q, distribution showed positive
signals at 250 and 300 nm and negative signals at 230 and
280 nm (Fig. 5), in agreement with those reported for the Q,,
multimer formed by 1*® and the G4 formed by d(5-TGG3'-3’
GGT-5"),>* both containing a 3'-3' inversion of polarity site in
the ODN sequence. We also recorded the CD spectra of the
HPLC-SEC peaks corresponding to Qq, Q, and Qj3, as well as
that of all other less-retained peaks collected together (Q,—,),
to assess the influence of the degree of multimerization on the
CD signature of Q, assemblies (Fig. 6).

This journal is © the Partner Organisations 2020
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Fig. 6 CD spectra of Q;, Q,, Q3 and Q4_, species isolated from the
HPLC-SEC fractionation showed in Fig. 4B.

The results confirmed the G4 nature of all the eluted
species, as well as the absence of significant perturbations due
to polymerization/depolymerization equilibria. To estimate the
thermal behavior of the Q, distribution formed by 2, we per-
formed CD melting experiments. The melting curve recorded
at 252 nm (Fig. S4t) well evidenced that the G-wires formed by
2 are stable at room temperature and start to disassemble at
temperatures higher than 30 °C. The presence of three to four
inflection points in the curve disclosed the progressive short-
ening of the G-wire assembly. Considering that the melting
process was not complete even at 90 °C, we attributed the last
observed inflection point (at around 75 °C) to the formation of
the Q; building block which, differently from the corres-

ponding Q, species formed by 1, did not melt in the explored
temperature range.

Nuclear magnetic resonance (NMR)

"H NMR spectroscopy is an important technique to investigate
the formation, the stability and the topology of G4s. The down-
field region of water-suppressed 'H NMR spectra of G4s is
characterized by the presence of the diagnostic exchange-pro-
tected H1 imino protons of guanine bases engaged in

Org. Chem. Front, 2020, 7, 2187-2195 | 2191
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G-tetrads formation. These protons do not exchange with
water solvent protons because of the hydrogen bond which
they form with either the O6 or N7 atom of the G-tetrad flank-
ing guanosine (Fig. 1A).°"*® Each G-tetrad can originate one,
two or four imino proton signals, depending on the magnetic
equivalence of the four participating imino protons.** This
magnetic behavior arises from the symmetry of the whole G4
structure and the N-glycosidic torsion angles. Fig. S51 shows
the downfield regions of the water suppressed "H NMR spectra
(recorded at 25, 45, 65 and 85 °C) of the Q, distribution
obtained by annealing 2 at 1.5 mM ss concentration in 1.0 M
K'-containing buffer. The presence of many imino protons
signals in the 10.6-11.5 ppm region confirmed the existence of
G4 species in all the explored temperature range. The great
number of the observed signals was somewhat unexpected,
considering the symmetric nature of the Q, building block (3
in Fig. 2) and the previously reported NMR spectrum of d(5'-
TGG3'-3'GGT-5') which showed only two imino proton
signals®® (thus confirming the magnetic equivalence of
G-tetrads belonging to the two halves of the G4). However,
taking into account the previously reported NMR data regard-
ing the formation of the G4 dimer by the 5-TGGAGGT-3" ODN
sequence, which evidenced modifications in the resonance fre-
quency of all G4 imino protons before and after G4 dimeriza-
tion,*” we believe that the exchange-protected signals observed
at 25, 45 and 65 °C in Fig. S5 can be attributed to the
G-tetrads imino protons of stacked polymeric Q,, species. This
hypothesis was further corroborated by the general reduction
in the number and intensity of imino signals heating the
sample from 25 to 85 °C as a consequence of the thermally
induced transition from the Q,, polymer to the monomeric Q
building block, in agreement with HPLC-SEC and CD data.
Indeed, in the NMR spectrum recorded at 85 °C, we observed
only the two expected imino signals belonging to the two
couples of symmetric G-tetrads in 3, thus confirming the
higher thermal stability of the Q; formed by ODN 2 with

View Article Online
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respect to the Q, obtained from ODN 1, which resulted com-
pletely melted at that temperature.*®

Atomic force microscopy (AFM)

AFM is a powerful technique successfully used to explore the
various topologies of G-wire.>>>>*® By using this technique, we
investigated the morphology of the Q,, G-wire species obtained
from 2 annealed in 1.0 M K" buffer. We used muscovite mica
as the AFM support both for the super-hydrophilic property of
its surface, that guarantees a lower interaction between sus-
pended molecules in aqueous solution during the evaporation
of the solvent, and for its flatness (less than 0.5 nm of root
mean-square roughness for a 1000 x 1000 nm” surface area).
AFM images in Fig. 7 shows the typical arrangements of Q,
multimers formed by ODN 2; in particular, Non-Contact Mode
(NCM) amplitude (left) and phase (right) reveal a kind of
elementary units that arranges in formations of linear shape.
The analysis of a wider AFM field (Fig. S6t) disclosed the pres-
ence of more than 300 rod-shaped structures having several
lengths (10-400 nm) but sharing the same height (1.8 =
0.2 nm) and a mean width of 21 + 7 nm (the statistical analysis
is reported in Fig. S6f). The AFM length measurements are
compatible with the hypothesized G-wire polymers formed by Q,
multimers of different length. Moreover, the homogeneity of
height values of aggregates agrees with the width value of the Q,
building block, suggesting the formation of self-assembled G-wires
monolayers only in the xy plane. Though slightly smaller than
expected, the height of the Q, aggregates formed by 2 agrees with
the AFM data of the G-wires obtained from 1 (height 2.0 nm),"®
and lies in the range of heights reported in the literature for the
G-wires (1.5-3.5 nm)*>*>***” which is usually smaller than the
solution diameter of G4s (about 2.8 nm). Differently from height
measurements, the curvature radius of the AFM tip affects the
length and width measurements. We believe that the curvature
radius of the AFM tip and the evaporation of the buffer solution,
which could promote the lateral aggregation of Q, multimers, are

Length (nm) Wideness (nm) Highness (nm)
Mean 83.85 21.21 1.76
Std. 60.96 6.53 0.18

Fig. 7

2192 | Org. Chem. Front.,, 2020, 7, 2187-2195

AFM imaging of Q,, multimers formed by ODN 2: non-contact mode (NCM) amplitude (left) and phase (right) of the sample.
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both responsible for the larger width of the G-wire filaments
observed in the AFM field (21 + 7 other than the expected 2.0 nm).

Conclusions

The here reported results demonstrate that rod-shaped G4
assemblies can also be easily obtained by annealing the sym-
metric 6-mer ODN sequence d(5-CGG-3-3-GGC-5') (2) in K'-
and NH,'-containing buffers. We selected the ODN 2 because
it represented the shortest possible ODN sequence possessing
the 5-CGG moiety at both ends of the ODN strand which in
our previous studies allowed the obtainment of G4 multimers
via n-n end-stacking interactions. The thermal stability of the
G4 building block 3 and the length distribution of the result-
ing G4 multimers were compared with those of the corres-
ponding G4 structures obtained from the closest related longer
analogue d(5-CGGT-3"-3'-GGC-5') (1) ODN. The results of this
comparative study indicated that the thermal stability and
length distribution of the obtained G-wires depend on the
thermal stability of the G4 building block, which in turn
depends on the sequence of the annealed G-rich ODN. The
data indicated that the more stable is the G4 building block,
the less stable is the resulting G-wire polymer. This finding
suggests that it is possible to build stacked G-wires with custo-
mizable stability by varying the length and sequence of the
parent ODN. In summary, our results contribute to the under-
standing of the processes that govern the multimerization of
G-quadruplexes and extend the DNA toolbox for the construc-
tion of self-assembled supramolecular entities.
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