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ABSTRACT: The interactions of the Tetrahymena tedoim repeat sequence d(TG4T)
and the polyguanylic acid (poly(G)) se-quence wilib quadruplex-targeting triazole-
linked acridine ligand GL15 were investigated usagmic force microscopy (AFM) at a
highly oriented pyrolytic graphite and voltammettya glassy carbon electrode. GL15
interacted with both sequences, in a time dependenner and G-quadruplex formation
was detected. AFM showed the adsorption of quadrgsl as small d(TG4T) and
poly(G) spherical aggregates and large quadrupdesed poly(G) assemblies, and
voltammetry showed the decrease and disappear@&nGt15 and guanine oxidation
peak currents, and appearance of the G-quadrupleatmn peak. The GL15 molecule
strongly stabilized and accelerated G-quadruplexmé&bion in both Na+ and K+ ion-
containing solution, although only K+ promoted thanation of perfectly aligned tetra-
molecular G-quadruplexes. The small-molecule cormpligh the d(TG4T) quadruplex is
discrete and approximately globular, whereas trgu&druplex complex with poly(G) is
formed at a number of points along the length efblynucleotide, analogous to beads
on a string.

I ntroduction

The telomeres are responsible for the protectionthef chromosomes ends, being
involved in greater than 80% of all cancers. Onthefkey steps in human carcinogenesis
is the activation of the telomeres maintenance esysthat allows the continued
proliferation of cancer cells.

G-quadruplexes (GQs) are four-stranded higher-ostteictures formed by folding of a
single (intra-molecular) or by the intermoleculasaciation of two, three or four separate
gua-nine rich DNA strand$’ The core motif of the GQ is the G-quartet, a plana
grouping of four G bases held together by eight gét@en hydrogen bonds. G-quartets
self-associate by-n hydrophobic stacking interactions, which are fartstabilised by
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the presence of monovalent cations, notably sodinchpotassium, which coordinate the
06 substituent atom of each guanine base and facatian channel in the interior of a
GQ structure. The occurrence of GQ sequencesamtges, promoter regions and other
genomic locatiorfs’ was deter-mined by the direct visualisation of ®@nation in cell
nuclei, in the cytoplasm and at telomef®¥, which revealed the crucial role of these
structures as targets for anticancer drugs.

A large number of potent GQ-binding ligands whithbdize or promote GQ formation
have been described in the literattfé> The GQ ligands in telomeres prevent GQ from
unwinding and opening the telomeric ends to tel@aser thus indirectly targeting the
telomerase enzyme complex and inhibiting its cétalyctivity. Some GQ ligands have
shown significant telomerase inhibition or suppi@ssof the transcription activity of
oncogenes, thus entering in clinical trials foraartherapy.

Acridines are heterocyclic compounds some of whibhve been used as
chemotherapeutic agents in human cancer. A numbacraline derivatives have been
specifically synthesized with the purpose of inereg binding affinity and selectivity for
human telomeric DNA quadruplex&?® In particular the GQ-targeting acridine
derivatives BRACO-19 and RHPS4 have been impottaois for studying the antitumor
activity of this general class of agents. Howetbey are relatively non GQ-selective,
having also significant binding affinity for duple®2NA.'® More recently, a series of
triazole-linked acridine ligands, e.g. GL15 (Scheiwg, with enhanced selectivity for
human telomeric GQs binding versus duplex DNA bgdihave been designed,
synthetized and evaluatéd.

Scheme 1 — Schematic representations: (A) theotaeacridine conjugate GL15, (B) d(1Q in

single-stranded and in GAquadruplex configuratiansl (C) the poly(G) adsorption process
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DNA-electrochemical biosensors are important tdoisthe detection and evaluation of
small molecule specific binding to nucleic acfd$> due to their high sensitivity for the



detection of small perturbations of DNA morpholodje morphological characteristics
of DNA molecules in GQ configurations have beenendly investigated at carbon
electrode$®®® from the viewpoint of nanotechnology and biosensechnology
applications. The characterisation of the bindimgcpss between GQ ligands and GQ
regions of DNA, without any labelling, emerges aseaessary step for the development
of sensitive GQ-based biosensor devices.

The triazole-acridine conjugate compound GL15 hesnbinvestigated by voltammetric
techniques, providing new data concerning its aton with duplex DNA?

The Tetrahymena telomeric repeat sequence d(TG&Eheme 1B) forms parallel-
stranded tetra-molecular GQs in the presence of &K+ iong” and is considered to
be a simple model for biologically relevant GQshéts also pro-vided high resolution
structural data on drug-DNA interac-tioffs’ Synthetic polynucleotides poly(dG) and
poly(G) are also widely used as models to deterrthirenteraction of drugs with G-rich
segments of DNA.

This paper reports an exhaustive qualitative amalystudy on the interactions of the
short-length sequence d(703 and long polyguanylic acid (poly(G)) sequencehvithe
triazole-acridine conjugate GL15, using a novelrapph, based on the combination of
two powerful analytical techniques, atomic forcecrascopy (AFM) onto a highly
oriented pyrolytic graphite (HOPG) surface, andeddntial pulse (DP) voltam-metry at a
glassy carbon electrode (GCE). The interaction bi%with d(TGT) and poly(G) was
evaluated based on changes in structure and resltavimur, enhanced by the presence
of Na" or K" ions.

2 Materialsand Methods

2.1 Materials and Reagents

The 6-mer single-stranded hexadeoxyribonucleotdguence 5'-TGGGGT-3' (d(TL®B))
was synthesized on an Applied Biosystems 380B aatiethDNA synthesizer (USA)
using reagents for oligodeoxyribonucleotides chami@-luka, Germany). The d(T{B)
purity was verified by NMR and HPLC analysis. Palggylic acid (poly(G)) purchased
from Sigma-Aldrich was used without further purgion.

The triazole-acridine conjugate GL13N,N’-((1,1’-(acridine-3,6-diyl)bis(1H-1,2,3-
triazole-4,1-diyl))bis(methylene))bis(2-(piperidiryl)propanamide) was synthesized and
purified by the previously described methdds.

The supporting electrolyte solution was 0.1 M phnagp buffer pH = 7.0, containing Na
ions (0.2 M NaHPQ, + 0.2 M NaHPQy) or K* ions (0.2 M KHPQO, + 0.2 M KHPQy),
prepared using analytical grade reagents and edrifiater from a Millipore Milli-Q
system, with conductivity < 0.1 pS &m

The d(TGT) control and GL15-d(T¢) stock solutions were prepared using 3.0 uM
d(TG4T) incubated in the absence/presence of 4.0 uM Gibl&upporting electrolyte.

The poly(G) control and GL15-poly(G) stock solusiomere prepared using 100 pg ML
poly(G) incubated in the absence/presence of 4.03L¥5 in supporting electrolyte.

All experiments were done at room temperature (Z%3)1

2.2 Synthetic chemistry



To a suspension oN-(prop-2-yn-1-yl)-3-(piperidin-1-yl)propanamide 81 g, 1.60
mmol) and 3,6-diazidoacridine (0.20 g, 0.77 mmalBuOH (2mL), a solution of (+)-
sodium L-ascorbate (0.076 g, 0.38 mmol) and copipenflfate pentahydrate (0.019 g,
0.077 mmol) in H20 (2mL) was added in one portibhe heterogeneous mixture was
treated according to the general procedure toa#dsrown solid (0.047 g, 28%).

2.3 Atomic force microscopy

AFM was performed in the acoustic AC mode, withieoFScan controller and a CS
AFM S scanner with a scan range ofu in x-y and 2um in z (Agilent Technologies,
USA). App-Nano type FORT of 22pm length, 3.0 N i spring constants and 47-76
kHz resonant frequencies in air (Applied NanoSttres, Inc., USA) were used. All
AFM images were topographical and were taken with Samples/line x 512 lines and
scan rates of 0.8 - 2.5 lines.s

HOPG, grade ZYB of 15 x 15 x 2 nirdimensions (Advanced Ceramics Co., USA) was
used as a substrate in the AFM study, becausensiclly flat with less than 0.06 nm of
root-mean-square.m.s) roughness for a 1000 x 1000 heurface area. The GCE used
for the voltammetric characterisation is much rarghvith 2.10 nnr.m.s roughness for
the same surface area, therefore unsuitable for Adtivface characterisation. The
electrochemical experiments showed similar reddwab®ur using GCE and HOPG.

For each incubation time investigated by AFM, tii€@&,T) control and GL15-d(T{)
stock solutions were diluted in buffer to 0.3 uM @4 T) without/with 0.4 uM GL15, and
the poly(G) control and GL15-poly(G) stock solusowere diluted in buffer to 5.0 ug
mL™ poly(G) without/with 0.2 uM GL15, in order to m&in the same d(T{3):GL15
and poly(G):GL15 ratios in the AFM and voltammegiperiments.

The HOPG surfaces were modified by spontaneousrptiso of d(TGT) control,
GL15-d(TGT), poly(G) control and GL15-poly(G), after depasit 100 uL of each
solution onto the freshly cleaved HOPG, over aqeeaf 3 min. The solution excess was
gently cleaned with Milli-Q water, and the HOPG lwthe adsorbed molecules was then
dried in a sterile atmosphere and imaged by AFMain This procedure provided
reproducible qualitative analytical results whemnpared with AFM in solution, when
the adsorption of molecules continued to occurrduthe AFM experiments and difficult
the surface coverage comparison.

2.4 Voltammetric experiments

Voltammetry was carried out usinguAutolab Type Il potentiostat running with GPES
4.9 software (Metrohm-Autolab, The Netherlands). {@ammetry conditions were:
pulse amplitude 50 mV, pulse width 70 ms and se&®m 5 mV &. Measurements were
carried out using a GCE workind € 1 mm), a Pt wire counter and an Ag/AgCl (3 M
KCI) reference electrodes, in a one-compartment.Zlactrochemical cell.

Before every electrochemical assay, the GCE washmul using diamond spray (particle
size 1 um), rinsed with Milli-Q water, placed inffaur supporting electrolyte, and various
DP voltammograms were recorded until a steady dtateline voltammogram was
obtained.

For each incubation time investigated, DP voltamraots of d(TGT) control, GL15-
d(TG4T), poly(G) control and GL15-poly(G) stock solutgynvere obtained. The GCE
was always cleaned by polishing between measuramemtavoid misleading results



from the d(TGT), poly(G) or GL15 adsorption. The DP voltammogsamere baseline
corrected using the moving average with a step eindf 2 mV included in the GPES
(version 4.9) software.

3 Results

3.1 Interaction of d(TG4T) with GL15

The d(TGT) contains one block of four contiguous guaningidaes which can form a
parallel-stranded tetra-molecular GQ, stabilized Ay interactions between the G-
guartets and to some extent by the thymine residresent at the 5' and 3' ends (Scheme
1B).

The mechanism of interaction between GL15 and d{)Go form a GL15-d(TGI)
complex and the influence of GL15 on GQ formatiamd astabilisation have been
investigated. For control and a correct evaluatbstructural changes in d(TLG) after
interaction with GL15, the GL15 and d(}QQ control adsorption patterns and redox
behaviour were also studied.

3.1.1 AFM characterisation
The GL15 and d(T¢) controls and GL15-d(T&¥) films were obtained by spontaneous
adsorption onto HOPG, as de-scribed in Section 2.3.

Figure 1 — AFM images of GL15 control at: (A) 0.Mand (B) 4.0 uM
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GL 15 and d(TG4T) control. AFM images of the GL15 control, for 0.2 uM and @M
(Fig. 1A), the concentrations used in the AFM studgd for 4.0 uM (Fig. 1B), the
concen-tration used in the voltammetric study, stobwifferent ad-sorption coverages.
AFM images of 0.2 uM and 0.4 pM GL15 control showedy weak adsorption onto
HOPG, suggesting negligible non-specific adsorptb&L15, whereas AFM images of
4.0 uM GL15 control showed almost complete HOPGecage by a smooth film, 0.70 £
0.05 nm height, corresponding to the adsorptioma sklf-assembled GL15 monolayer,
with the acridine moieties lying flat on the sudac

The d(TGT) control adsorption pattern was obtained in M q(TG4T) in the presence
of Na" or K’ ions, at different times. AFM images of the d@I§ control in freshly
prepared solutions (Figs. 2A in Nand 2B in K ions) showed only the d(T,E) single-



strand adsorption, detected as 0.87 = 0.1 nm heightiomly oriented polymeric
structuresrP - random polymer

On increasing the d(T4) control time from 0 to 42 days (Figs. 3A, B imN\and 3C in
K* ions), the d(TGT) single-strands started to self-assemble intatsietra-molecular
d(TG4T)-GQ complexes (Scheme 1B). The AFM images shoWi¢dhe decrease and
disappearance of thd@ structures, due to a decrease in the number of A()T&ngle
strands, if) the occurrence and the increase of a number afl shD5 + 0.5 nm height
spherical aggregateé ¢ aggregatel due to the adsorption of d(FG-GQs, and (iii) in
Na" containing solutions, the occurrence of a few 1#%5®.4 nm height polymeric
nanostructures\ - nanostructures

The presence of Kions has stabilized and accelerated GQ formatiad, after 42 days
incubation in K ions only d(TGT)-GQ complexes are observed (Fig. 3C), when com-
pared with N&aions, where d(T@) single-stranded species are still present @AQ.

GL15-d(TG4T) interaction. The GL15-d(TGT) interaction was investigated using a
solution of 3.0 uM d(T@T) incubated with 0.4 uM GL15 for a range of inclia times,

in the presence of Neor K ions. This procedure led to the co-adsorption ofil%
d(TG4T) complexes together with free d(713 and GL15 molecules.

Figure 2 — Freshly prepared solutions. AFM imag@s: B) d(TG4T) control and (C, D) GL15-
d(TGT), in the presence of (A, C) Nand (B, D) K ions. DP voltammograms baseline
corrected: &=) d(TGT) control, ¢==) GL15 control and==) GL15-d(TQGT), in the presence of
(E) Nd and (F) K ions.
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AFM images of GL15-d(T@rl) freshly prepared solutions showed onB structures,
0.92 + 0.10 nm height in the presence of Mas (Fig. 2C) and 0.89 + 0.1 nm height in
the presence of Kions (Fig. 2D), due to the adsorption of GL15-d¢T{and d(TGT)
single-stranded species, similar to what was preshoobserved for d(T&3) in freshly
prepared solutions (Figs. 2A with Nand 2B with K ions).

Increasing the GL15-d(T) incubation time from 0 to 42 days (Figs. 3D ia'NMnd 3E
in K ions) results in the d(T{F) single strands self-assembling into d¢T§GQs both
with and without bound GL15. The AFM images showé€dl:the decrease and the
disappearance of th® structures, due to a decrease in the number agblad(TGT)
single strands,ii) the occurrence and increase of the 2.32 = 0.6heightA aggregates
corresponding to GQ adsorption ard)(the occurrence of 1.52 + 0.4 nm heidtt
nanostructures in the presence of hms.

Figure 3 — Incubation for 42 days. AFM images: B\,C) d(TGT) control and (D, E) GL15-
d(TGT), in the presence of (A, B, D) Nand (C, E) K ions. DP voltammograms baseline
corrected: =) d(TGT) control, ¢==) GL15 control and==) GL15-d(TGT), in the presence of
(G) Na and (F) K ions
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The GQ height measured in AFM images is similaht~ 2.6 nm diameter measured by
X-ray crystallography” The GQ structures formed by GL15-d(J& and d(TGT)



interacted and adsorbed less on the hydrophobicGj®Bcause they have the guanine
bases buried in the interior of the structurestquted by the sugar-phosphate backbones,
when compared with the single-stranded unfoldedcsires with bases more exposed
and freer to undergo hydrophobic interactions th carbon surfac®.

After 42 days incubation of GL15-d(TG) in the presence of Naons, no single strands
were observed (Fig. 3D), when compared with d{lM&ontrol (Fig. 3A), demonstrating
that GL15 binding to d(T{) accelerated the formation of GQ-ligand complexes

The formation of d(TGI) higher-ordemMN nanostructures was observed only in solutions
containing Na ions for long incubation times, independent of ginesence of GL15 in
solution. The presence of Kons promoted the rapid formation of stable andeotly
aligned tetra-molecular GQs, and consequently nighaer nanostructures did not form.

3.1.2 Voltammetric characterisation

GL 15 and d(TG4T) control. DP voltammograms in 4.0 uM GL15 control showee th
occurrence of one GL15 oxidation peakEgt= + 0.77 V (Figs. 2E, += and 3F, G).

The d(TGT) control redox behaviour was investigated in 8ohs of 3.0 uM d(TGT) in
the presence of Na+ or K+ ions, at different tini@B. voltammograms of d(T{5) con-
trol in freshly prepared solutions (Figs.=2Ein Na+ and 2&= in K+ ions), showed the
occurrence of only one G oxidation peak, due toakidation of the guanine residues in
the d(TGT) single strands (Scheme 1B-left), at the C8-Hitmws in a two-step
mechanism each involving two electrons and twogsratansfers?

On increasing the d(T/) control time from 0 to 42 days (Figs.=8Fin Na and 3G=

in K* ions), the d(TGT) single strands started to self-assemble intoGg{J-GQs
(Scheme 1B-right}® The DP voltammograms showed: (i) a decrease imtiamine (G)
oxidation peak current and (ii) occurrence andaase of the GQ oxidation peak current,
due to the oxidation of the guanine residues irdifi€xT)-GQs that were formed.

The G oxidation peak current decrease is due tecaedse in the number of guanine
residues in the d(T43¥) single strands, and the GQ oxidation peak ctiiremease is due
to an increase in the overall number of GQs. ThediQation peak potential is higher
relative to the G oxidation peak potential, duethie greater distance for the electron
transfer from the interior of the rigid GQs to t&CE surface, than from the more
flexible d(TGT) single strands. The oxidation of thymine resglie d(TGT) is not
detected by DP voltammetry, because it occursmatieh greater positive potential, near
the potential of oxygen evolutidf.

GL15-d(TG4T) interaction. The GL15-d(TGT) interaction was investigated in
solutions of 3.0 uM d(T¢¥) incubated with 4.0 uM GL15, in the presence af br K
ions, for a range of incubation times. The GL1%rd GQ oxidation peaks of the GL15-
d(TG4T) complex were compared with the oxidation peaksd@G;T) and GL15
controls.

(a) Freshly prepared solutions

GL15-d(TGT)-GQs formation in the presence of Nins was a slow process. DP
voltammograms of GL15-d(Tf¥) showed the occurrence of two oxidation peaks.(Fi
2B=): (i) the GL15 oxidation peak, &, = + 0.77 V, andi{) the G oxidation peak, at



Epa = + 0.95 V, corresponding to the d(JI3 single strands, in agreement with the
adsorption of solely single-stranded GL15-d¢T3and d(TGT) molecules observed in
the AFM (Fig. 2C).

GL15-d(TGT)-GQs formation in the presence of' Kons was very rapid. DP
voltammograms of GL15-d(T{) immediately showed the occurrence of three dioda
peaks (Fig. 2&=): (i) the GL15 oxidation peak, &y, = + 0.74 V, {i) the G oxidation
peak of the d(T@) single strands, d&,, = + 0.90 V, andi{i) the GQ oxidation peak of
the d(TGT)-GQs, atEpa=+ 0.97 V.

Figure 4 — DP voltammograms baseline corrected@al5-d(TGT), with different incubation
times in the presence: (A) Nand (B) K ions.
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DP voltammetry of d(T@N)*° and kinetic studies by absorbance spectroscopghwhi
monitored association and dissociation of tetraeoolr GQs formed by
oligonucleotides containing more than four contigeiguanine residué8 also showed
more rapid association in the presence ofdgs.

The decrease of the GL15 oxidation peak curre@Ildf5-d(TGT) (Fig. 2E, =), when
compared with GL15 control (Fig. 2E:=F), is due to GL15 binding to d(T4B). The de-
crease of the G oxidation peak current of GL15-d{NG(Fig. 2E, =) and the
occurrence of the GQ oxidation peak in K+ ions (R§—), when compared with
d(TG4T) control, which showed only one large G oxidatmeak (Fig. 2E, =), further
demonstrated that GL15 binding to d({lT;: promotes GQ formation.

(b) Increasing incubation times
The GL15-d(TGT) incubation time dependence is shown in Fig. 4.



On increasing GL15-d(T4) incubation time in the presence of Nans from 0 to 42
days (Fig. 4A), the DP voltammograms showela(significant decrease in the GL15
oxidation peak current, due to GL15 binding to d{T¥zand con-sequent decrease in the
number of free GL15 moleculesi)(a decrease in the G oxidation peak current dwe to
decrease in the number of d(JI3 single strands, andii) the GQ oxidation peak
occurrence (Fig. 4%+ 28 days incubation) and increase (Fig=4/35 days an@=— 42
days incubation), due to the formation and stadion of d(TGT)-GQ complexes (Fig.
4A-left).

On increasing the GL15-d(T) incubation time in the presence of ins, from 0 to 42
days (Fig. 4B), the DP voltammograms showey:a(decrease in the GL15 oxidation
peak currenti{) a decrease in the G oxidation peak current any g progressive
increase of the GQ oxidation peak cur-rent up tal&ys incubation (Fig. 48- 28 days
incubation), due to the formation and stabilizatioh d(TGT)-GQs (Fig. 4B-left),
followed by a decrease in the GQ oxidation peakerurfor 35 and 42 days incubation
(Fig. 4B=).

The decrease in the GQ oxidation peak currentdiog lincubation times occurred only
with GL15-d(TGT) in the presence of Kions (Fig. 4B= 42 days incubation), and was
not observed in the presence of 'Nans (Fig. 4A= 42 days incubation), nor in the
d(TG4T) control with N& or K" ions. This demonstrated that GL15 binding to d(T
GQs in K ions confers greater structural stability to tleeyrigid and stable d(T43)-
GQs, the transition of electrons from the integaanines being more difficult. This is in
agreement with the AFM results which showed rapianiation of solely GQ structures
in solutions containing Kions (Fig. 3E).

The presence of GL15 strongly stabilized and acatdd d(TGT)-GQ formation, and
after 42 days incubation almost all GL15 was boanly to d(TGT)-GQs. Indeed, after
42 days incubation, DP voltammograms of GL15-d{N&Ghowed small GL15 oxidation
peak shoulders and only the GQ oxidation peak wesept (Figs. 3= in Na” and 3G—

in K* ions), when compared with the d(Z13 control which still showed the G oxidation
peak of d(TGT) single strands (Fig. 3F,=s).

In addition, the G oxidation peak of GL15-d(I3 was always smaller compared to the
G oxidation peak of the d(T45) control, due to the reduced number of d{T¥{ssingle
strands in the presence of GL15. The AFM resultdicoed that upon increasing the
incubation time, GL15-d(T() complex self-assembled into short GQs (Fig. &,
The GL15 acridine chromophore prefers to bind antérminal G-quartet stacks of the
d(TG4T)-GQs. This is quite distinct from intercalatiorta DNA duplex; even though the
GL15 extended electron aromatic ring system enaiblés form strongn-n stacking
interactions with the guanine bases, as observéd avhumber of small molecule-GQ
complexes (see for examptéd the triazole-acridine compounds as a class dshotv
significant duplex DNA affinity”, in contrast to many other substituted acridines.

3.2 Interaction of poly(G) with GL 15

3.2.1 AFM characterisation

The deposited films of poly(G) control and GL15yd@) were obtained by spontaneous
adsorption onto HOPG, using solutions of 5.0 pg'mbly(G) incubated in the presence
and absence of 0.2 uM GL15, with Nar K" ions, for different time periods.



Poly(G) control. AFM images of the poly(G) contiolfreshly prepared solutions (Figs.
5A in Na and 5B in K ions) showed the adsorption of solely poly(G) Ergjrands
(Scheme 1C-left), detected in the AFM images ast@7 nm heightP structures.

Figure 5 — Freshly prepared solutions. AFM imagé5; B) poly(G) control and (C, D) GL15-
poly(G), in the presence of (A, C) Nand (B, D) K ions. DP voltammograms baseline
corrected: &=) poly(G) control, {==) GL15 control and==) GL15-poly(G), in the presence of (E)
Na" and (F) K ions
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AFM images of poly(G) control with increasing timdésom 0 to 28 days, showed) @
decrease imP structures due to a decrease in the number of@plsingle strandsiii]
the occurrence and increase in the number of 23 im height A spherical aggregates,
due to the formation of short GQ regions along fbs/(G) single strands, andij for
large incubation times (28 days incubation), themfation of compact poly(G)
aggregated morphologies in Nans (Fig. 6A) and a very low pattern of adsorptio K
ions solutions (Fig. 6B), due to the formation afge poly(G)-GQ assemblié&sThe
short poly(G)-GQ regions formed after short incidratimes were dragged down to the
surface by the larger poly(G) single-strand adsonppnto HOPG (Scheme 1C-middle),
while larger poly(G)-GQ assemblies, formed aftendoincubation times, stayed in
solution and had very low adsorption (Scheme 1Gtyig



Figure 6 — Incubation for 28 days. AFM images: &, poly(G) control and (C, D) GL15-
poly(G), in the presence of (A, C) Nand (B, D) K ions. DP voltammograms baseline
corrected: &=) poly(G) control, {==) GL15 control and==) GL15-poly(G), in the presence of (E)
Na" and (F) K ions

Incubation of 28 days
in the presence of Na* ions in the presence of K* ions
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GL 15-poly(G) interaction. AFM images of GL15-poly(G) in freshly preparedusimn
(Figs. 5C in Na and 5D in K), showed two adsorption morphologies: (i) 0.7 + Om
heightrP structures due to the adsorption of poly(G) sirggtands (Scheme 1C-left), and
(ii) a large number of 2.7 + 0.5 nm height A aggtes, due to the formation of short GQ
regions along the poly(G) single-strands (Schememidtile). Additionally, in K
solution, several GL15-poly(G) molecules started frm compact aggregated
morphologies (Fig. 5D, dashed circle). This adsorppattern was only observed for the
poly(G) control with large incubation times, demwasng that the presence of GL15
accelerates GQ formation and stabilisation, asipusly observed for d(T&).

On increasing GL15-poly(G) incubation time from @ 28 days, the AFM images
showed: ) progressive decrease and disappearancP sfructures due to the decrease
in the number of GL15-poly(G) single strands) (he occurrence and increase of a
number ofA spherical aggregates, due to the formation oftstiiscrete GQ regions
along the poly(G) single strands, amid) (some GL15-poly(G) molecules started to form
aggregated morphologies. With long incubation tinf28 days incubation), in the
presence of Na ions the densely-condensed GL15-poly(G) molecufesmed



arrangements resembling diamond rings (Fig. 6C)jewin the presence of Kions
almost no adsorption occurred (Fig. 6D), consisteitih the formation of large GL15-
poly(G)-GQ aggregates.

GL15-poly(G) had much reduced surface coverage nwdmmpared with the poly(G)
control (Figs. 6A and 6B), demonstrating that Gldisding to poly(G) accelerated GQ
formation and stabilisation in the presence of bdghand K ions.

3.2.2 Voltammetric characterisation

Poly(G) control. The poly(G) control redox behaviour was invediegain solutions of
100 pg mL* poly(G) in the presence of Nar K* ions, for different time periods. DP
voltammograms of poly(G) control in freshly prephsolutions (Figs. 5= in Na' and
5F— in K" ions), showed the occurrence of only one G oxittatieak, aEy, = + 0.90 V,
due to the oxidation of the guanine residues irpthig(G) single strand¥.

On increasing the poly(G) control time from 0 to 28ys (Figs. 6&= in Na+ and 6=

in K+ ions), DP voltammograms showed: (i) the daseeand disappearance of the G
oxidation peak of the poly(G) single-strands, amdtlie occurrence of a GQ oxidation
peak, aEy, = + 0.98 V, due to the formation and stabilizatidmoly(G)-GQs*

GL 15-poly(G) interaction. GL15-poly(G) interaction was examined in solusiaf 100
g mL-1 poly(G) incubated with 4.0 uM GL15 in theegence of Naand K ions,
during a range of incubation times, and showed xdskhaviour similar to that of the
GL15-d(TGT) interaction. The GL15, G and GQ oxidation peakshe GL15-poly(G)
complex were compared with the oxidation peaksody(&) and GL15 controls.

(a) Freshly prepared solutions

DP voltammograms of GL15-poly(G) in freshly preghselution (Figs. 5&= in Na" and
5F— in K" ions) showed two oxidation peaks: (i) the GL15dation peak, aEp, = +
0.73 V, and (ii) the G oxidation peak,Bf, = + 0.90 V, due to oxidation of the guanine
residues in the poly(G) single-strands.

A large decrease in the GL15 oxidation peak curcentpared to the GL15 control took
place (Figs. 5E, ¥=), suggesting that GL15 interacted very rapidly hwpoly(G),
resulting in a decreased number of free GL15 mddsciReduced G oxidation peak
currents were observed for GL15-poly(G) comparetth wie poly(G) control (Figs. =

in Na” and 5 in K" ions). This is due to fewer poly(G) single stramgsilable in the
presence of GL15, and is caused by the formatiosewtral short GL15-poly(G)-GQ
regions, as observed in the AFM images (Fig. 5C, The GQ oxidation peak of the
GL15-poly(G)-GQ regions was below the DP voltammeéigtection limit.

(b) Increasing incubation time

On increasing the GL15-poly(G) incubation time fr@mo 28 days (Figs. 6& in Na
and 6 in K" ions), the DP voltammograms shows(ltlje disappearance of the GL15
oxidation peak close to the signal/noise ratio, ttuall free GL15 molecules binding to
poly(G), (i) the decrease and disappearance of the G oxidagiak of the GL15-poly(G)
single strands, andii( the occurrence of the GQ oxidation peakEat= + 0.97 V, due to
the formation and stabilization of GL15-poly(G)-G@mplexes. The phase of poly(G)



single strand self-assembly started with the geéioeraof short GQ regions. These
increased with incubation time, after which thegr&td to fold into larger aggregates
containing GQs, with the guanine residues morecdiffto oxidise, shown by the smaller
GQ oxidation peaks.

The GQ oxidation peak of the GL15-poly(G)-GQ af2®& days incubation (Figs. 6&
Na" and 6 K" ions) occurred at the same potential of the GQ@ation peak of GL15-
d(TGsT)-GQ, atEpa = + 0.97 V, (Figs. 44e= in Na" and 4B== in K" ions).

Discussion

GQ formation has been extensively studied in aetyardf telomeric and other guanine-
rich sequences. The d(F sequence has been used as a model system doretet
DNA in higher organisms, and both crystallograpdmc NMR structural data has shown
that small molecules such as the anticancer drugataycin, bind to one face of the
tetramolecular d(T@) parallel quadrupleX The present AFM data is entirely
consistent with these findings with the phosphdttesphate inter-strand distances found
by X-ray crystallography of ca. 2.6 nm remarkablgse to those found by AFM. A
molecular model for the GL15-d(T,®) parallel quadruplex (Fig. 4) shows that the non-
intercalative end-stacking binding of GL15 has alt¢red the cross-diameter dimension
of the GQ.

There is little data available on small-moleculading to poly(G) sequences, although
such sequences are widely preva-lent in the humdrother genomes at both DNA and
RNA levels. Fibre diffraction data on poly(G) haswn that in K solution it consists of

a continuous four-fold helf%, whose regularity may well be a consequence of the
process of forming a polynucleotide fibre. ReceMmstudie§® have shown that short
lengths of poly(G) can form discrete GQ structureith parallel topology and propeller
loops, strikingly similar in form to the GQs formég human telomeric DNA and RNA
sequences in conditions of high concentration andhe crystalline state. The AFM
studies reported here show that the small mole@lé&5 induces the formation of
discrete GQ complexes along the length of poly(®)ecules, whose dimensions are
essentially the same as those formed by d{)G.e. are indicative of short parallel-
folded three-layer GQs. Further studies are ne¢deatissect out the detailed nature of
these ligand complexes. The data presented heigesisgthat appropriately selective
small molecules can form a number of GQ bindingssdélong a long length of homo-
guanosine RNA (or DNA) sequence, has implicatiasrsour understanding of the role
played by GQs in cellular processes in both coding non-coding regions in a genome
and their perturbation by small molecule binding.

4 Discussion

GQ formation has been extensively studied in aetyardf telomeric and other guanine-
rich sequences. The d(F sequence has been used as a model system doretet
DNA in higher organisms, and both crystallograpdmc NMR structural data has shown
that small molecules such as the anticancer drugataycin, bind to one face of the
tetramolecular d(T@) parallel quadruple The present AFM data is entirely
consistent with these findings with the phosphdttesphate inter-strand distances found



by X-ray crystallography of ca. 2.6 nm remarkablgse to those found by AFM. A
molecular model for the GL15-d(T,®) parallel quadruplex (Fig. 4) shows that the non-
intercalative end-stacking binding of GL15 has alt¢red the cross-diameter dimension
of the GQ.

There is little data available on small-moleculadang to poly(G) sequences, although
such sequences are widely prevalent in the humdrotrer genomes at both DNA and
RNA levels. Fibre diffraction data on poly(G) hamwn that in K solution it consists of
a continuous four-fold helft, whose regularity may well be a consequence of the
process of forming a polynucleotide fibre. ReceMm studie&® have shown that short
lengths of poly(G) can form discrete GQ structureith parallel topology and propeller
loops, strikingly similar in form to the GQs formég human telomeric DNA and RNA
sequences in conditions of high concentration andhe crystalline state. The AFM
studies reported here show that the small mole@lé&5 induces the formation of
discrete GQ complexes along the length of poly(®Jecules, whose dimensions are
essentially the same as those formed by d{})G.e. are indicative of short parallel-
folded three-layer GQs. Further studies are ne¢dadissect out the detailed nature of
these ligand complexes. The data presented hemgesisgthat appropriately selective
small molecules can form a number of GQ bindingssilong a long length of homo-
guanosine RNA (or DNA) sequence, has implicatiarsdur understanding of the role
played by GQs in cellular processes in both codind non-coding regions in a genome
and their perturbation by small molecule binding.

5 Conclusions

The interactions of the GQ-targeting triazole-lidkacridine ligand GL15 with the short-
chain length Tetrahymena telom-eric DNA repeat saga d(TGT) and with the
poly(G) sequence have been reported here at tlyesmolecule level, using a novel
analytical approach that combines AFM and voltanmmméh the presence of GL15 GQ
formation was detected by AFM via the adsorptionGifl5-d(TGT)-GQ and GL15-
poly(G)-GQ small spherical aggregates and large33hdly(G)-GQ assemblies, and by
DP voltammetry via GL15 and G oxidation peak curgcrease and disappearance, and
the occurrence of a GQ oxidation peak. The AFM aslithmmetric results show that the
GL15 molecule inter-acts with both sequences ima-dependent manner. An excellent
correlation was observed between the d{lGnd poly(G) structural changes and redox
behaviour, before and after interaction with GLa&d was directly influenced by the
presence of monovalent Nar K™ ions in solution. These results are consistertt #ie
interaction of triazole-linked acridine derivativesith terminal G-quartets in an
individual GQ. The binding of the GL15 moleculed@ G4T) and poly(G) both strongly
stabilized the GQs and accelerated GQ formatiorhaitih Nd and K ions solutions,
although only the K-containing solution promoted the formation of petfy aligned
tetra-molecular GQs. The combination of these twalydical techniques reveal to be
very effective to study the effect of GL15 bindiog GQ formation, and will trigger their
use for a whole range of studies concerning drtegactions with DNA targets.
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