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Abstract

The redox mechanism of two trisubstituted triazole-linked phenyl derivatives,
(CL41 and CL42) and a disubstituted triazole-linked phenyl derivative (CL2r50), were
studied using cyclic, differential pulse and square wave voltammetry at a glassy carbon
electrode. The CL41, CL42 and CL2r50 oxidation is a complex, pH-dependent
irreversible process involving the formation of electroactive products which undergo
two consecutive reversible oxidation reactions. The DNA interaction with CL41, CL42
and CL2r50 was investigated by differential pulse voltammetry using the dsDNA-
electrochemical biosensor and in DNA/trisubstituted triazole incubated solutions. All
three trisubstituted triazole-linked phenyl derivatives interacted with dsDNA causing
morphological and oxidative damage to the dsDNA structure in a time-dependent
manner. The DNA-electrochemical biosensor enabled the detection of oxidative damage
to DNA following the occurrence of the 8-oxoGua and/or 2,8-oxoAde oxidation peaks.

Keywords: substituted triazole-linked phenyl compounds, dsDNA electrochemical
biosensor, voltammetry, glassy carbon electrode.

Abbreviations: dsDNA — double-stranded DNA



1. Introduction

Genomic DNA is a target for a large number of small therapeutic molecules
[1, 2]. The overwhelming majority interact with double-helical DNA, which comprises
almost all the genome, at least in eukaryotic organisms, and a number of such
compounds, typified by the anthracycline drug doxorubicin, find clinical utility as anti-
tumour agents in the treatment of human cancers [3]. The investigation of the
intercalative interactions of such non-covalently binding compounds with duplex DNA
has utilised a wide range of biophysical and biochemical approaches, so that the
molecular details of drug binding have been extensively characterised. Intercalative
compounds can also produce DNA damage in cells, with the role of the DNA damage
response also being well-characterised [4].

Guanine (G)-rich DNA sequences are present in the telomeres of eukaryotic
chromosomes and are prevalent in other regions of the genome, where they can form
specialised four-stranded arrangements, termed G-quadruplexes [5, 6]. When stabilised
by appropriate small molecules, these arrangements can inhibit the function of the
specialised reverse transcriptase enzyme telomerase, whose expression is up-regulated
in the majority of human cancers [7, 8]. A large number of such quadruplex-stabilising
compounds have been identified, such as the 3,6,9-trisubtituted acridine compound
BRACO-19 molecule [9, 10]. Although BRACO-19 binds to quadruplex DNA with
high affinity, its affinity for duplex DNA is only some 30-fold lower. The design and
synthesis of several mimetics of BRACO-19 with superior quadruplex selectivity was
reported [11]. The ability of these compounds to induce both indirect DNA damage and
oxidative damage to duplex and ultimately quadruplex DNA, is a potentially significant
factor in their overall biological effect. The electrochemical redox behaviour of two
members of a series of quadruplex-binding triazole—acridine conjugated compounds,
GL15 and GL7 [12], and their in situ interaction with duplex DNA has been previously
reported [13], together with the finding that their interaction with duplex DNA causes
condensation of DNA morphology in a time-dependent manner. The use of a rapid
method for the detection of DNA oxidative damage as applied to three quadruplex-
binding compounds, two of which have been previously characterised as telomerase
inhibitory is reported in this paper.

The acridine nucleus of the earlier compounds has been replaced in the triazole-
phenyl conjugate compounds by a di- or tri-substituted phenyl ring with side-chains of
appropriate length to contact quadruplex grooves [11]. These are compounds CL41,
CL42 and CL2r50, Scheme 1. The two compounds with three alkylamino arms
(CL41, CL42) are DNA groove-binders analogous to BRACO-19 [14,15]. These
compounds were found experimentally to have greater affinity for the human telomeric
quadruplex coupled with much lower affinity for duplex DNA compared to BRACO-19
[10].
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Scheme 1. Chemical structures of CL42, CL41 and CL2r50.

Electrochemical research on DNA and small therapeutic molecules are of great
relevance for explaining many biological mechanisms. The interpretation of the
electrochemical data can contribute to the elucidation of the mechanisms by which
DNA is oxidative damaged, as an approach to the behaviour in cells [16, 17].



The DNA-electrochemical biosensor is a sensitive and cost-effective model for
simulating nucleic acid hazard compounds interaction. DNA is a highly charged,
hydrophilic molecule, whereas the carbon electrode has a hydrophobic surface, and the
spontaneous adsorption of DNA in a buffered solution on the carbon surface occurs
[17].

Significant differences in the dsDNA and ssDNA peak currents were observed
due to the rigidity of the double strand structure. The dsDNA structure hinders the
electron transfer from the bases guanine and adenine inside the double helix. Whereas in
sSDNA the bases are more exposed to the solution, which facilitates the interaction of
the hydrophobic aromatic rings of the purines and pyrimidines with the hydrophobic
carbon electrode substrate. Consequently, ssDNA interacts and adsorbs much more
strongly to the carbon electrode surface, when compared with dsDNA, for the same
solution concentration [18].

The DNA-electrochemical biosensor surface modifications were investigated for
different DNA adsorption immobilization procedures, electrostatic adsorption or
evaporation, leading to the formation of a monolayer or a multilayer DNA film. The
immobilization of the DNA probe on the electrode surface is a very important factor for
the optimal construction of a DNA-electrochemical biosensor [18-22].

Interactions of several compounds with duplex DNA have been previously
studied using the DNA-electrochemical biosensor [18-22] and compared with other
methods such as UV-Vis, IR and Raman spectroscopy, DNA footprinting, nuclear
magnetic resonance mass spectroscopy, molecular modelling techniques, capillary
electrophoresis, equilibrium dialysis, surface plasmon resonance, femtosecond laser
spectroscopy and HPLC [23] showed greater sensitivity in the detection of small
perturbations to the double-helical structure of DNA [24]. The detection of DNA
oxidative damage has also enabled the unravelling of some of the detailed molecular
interactions that occur. An important advantage of electrochemical detection of small
molecule direct interaction with duplex DNA is that the drug-redox reaction may
generate in situ, on the electrode surface, highly reactive intermediates that will
immediately interact with duplex DNA.

The DNA structure can have more than one conformation in solution, depending
on the pH and ionic environment. DNA double helices are classified either as A-DNA
or B-DNA, the latter encompassing B-, C-, D-, E- and T-DNA, according to their
conformations. Under physiological conditions, the dominant form is B-DNA. The rare
A-DNA exists only in a dehydrated state, and although it has been shown that relatively
dehydrated DNA fibers can adopt the A-conformation under physiological conditions, is
still unclear whether DNA ever assumes this form in vivo [17].

Raman spectra studies revealed that a C-DNA form is produced at pH 4.0. The
formation of C-DNA may be the result of an overall decrease in the charge of the
polynucleotide chains; protonation permits closer approach of the phosphates [25-27].
In general, C-DNA resembles B-DNA, with conformation parameters of the nucleotide
blocks changed only slightly [26].

The electrochemical characterization of substituted triazole-linked phenyl
compounds CL41, CL42 and CL2r50, was investigated for a wide pH range between 2
and 12, using cyclic, square wave and differential pulse voltammetry at a glassy carbon
electrode, together with the investigation of their interaction with duplex DNA in
incubated solutions. A systematic study to elucidate the in situ interaction of CL41,
CL42 and CL2r50 with dsDNA immobilized on a glassy carbon electrode surface using



a dsDNA-electrochemical biosensor was also undertaken. Similar experiments were
also performed using single stranded homo-ribopolyribonucleotides of known
sequences, and poly[G] and poly[A], to clarify the nature of the interaction between
these compounds and the dsDNA.

2. Experimental
2.1 Materials and reagents

The tri-substituted triazole-phenyl conjugates, CL41, CL42 and CL2r50 were
synthesized and purified [11].

Double-stranded DNA (dsDNA) (D1501), single stranded polyadenylic acid
(poly[A]) (P9403) and polyguanylic acid (poly[G]) (P4404) were purchased from
Sigma-Aldrich, and all were used without further purification.

The 0.1 M ionic strength electrolyte solutions [28] were: pH 2.0 KCI/HCI, pH
3.4-5.4 acetate buffer, pH 6.1-8.0 phosphate buffer, pH 9.2-10.5 amonia buffer, and pH
12.0 NaOH/KCI were prepared using analytical grade reagents and purified water from
a Millipore Milli-Q system (conductivity < 10 pS/cm).

Stock solutions of 0.216 mM CL42, 0.336 mM CL41 and 0.272 mM CL2r50
were prepared in deionized water, added some drops of 0.2M HCI, and stored at 5 °C.
Solutions of different concentrations were obtained by dilution of the appropriate
volume in the supporting electrolyte.

All stock solutions were in weight, 300 pg/mL dsDNA, poly[G] and poly[A],
prepared in deionized water and diluted to the desired concentrations in pH =4.5 (0.1 M
acetate buffer).

Nitrogen saturated solutions were obtained by bubbling high purity N, for a
minimum of 10 min in the solution and continuing with a flow of pure gas over the
solution during the voltammetric experiments. All experiments were done at room
temperature, T =298 K (25 °C).

Microvolumes were measured using EP-10 and EP-100 Plus Motorized
Microliter Pipettes (Rainin Instrument Co. Inc., Woburn, USA). The pH measurements
were carried out with a Crison micropH 2001 pH-meter with an Ingold combined glass
electrode.

2.2 Voltammetric parameters and electrochemical cells

Voltammetric experiments were carried out using a pAutolab potentiostat with
GPES 4.9 software (Eco-Chemie, Utrecht, The Netherlands). The measurements were
carried out in a solution volume of 0.5 mL, using a three-electrode system one-
compartment electrochemical cell of capacity 2 mL (Bio-Logic SAS, France). A glassy
carbon electrode (GCE, d = 1.5 mm) was the working electrode, a Pt wire the counter
electrode and an Ag/AgCl (3M KCI) reference electrode (Bio-Logic SAS, France). The
experimental conditions were: for cyclic voltammetry (CV) scan rate 100 mV/s, and for
differential pulse (DP) voltammetry pulse amplitude 50 mV, pulse width 70 ms and
scan rate 5 mV/s. Square wave voltammetry conditions were frequency 25 Hz and
potential increment 2 mV, corresponding to an effective scan rate 100 mV/s.

The glassy carbon electrode (GCE) was polished using a diamond spray (particle
size 3 um) (Kemet, UK) before each electrochemical experiment. After polishing, it was
rinsed thoroughly with Milli-Q water. Following this mechanical treatment, the GCE
was placed in buffer supporting electrolyte and differential pulse voltammograms were



recorded until a steady state baseline voltammogram was obtained. This procedure
ensured very reproducible experimental results.

2.3 Acquisition and presentation of voltammetric data

Differential pulse voltammograms presented were background-subtracted and
baseline-corrected using the moving average application with a step window of 5 mV
included in the GPES v 4.9 software. This mathematical treatment improves the
visualization and identification of peaks over the baseline without introducing any
artefact, although the peak intensity is, in some cases, reduced (<10%) relative to that of
the untreated curve. Nevertheless, this mathematical treatment of the original
voltammograms was used in the presentation of all experimental voltammograms for an
improved and clearer identification of the peaks. The values for peak current presented
in all plots were determined from the original untreated voltammograms after
subtraction of the baseline.

2.4 DNA-biosensor preparation and incubation procedure

The multi-layer dsSDNA-electrochemical biosensor was prepared by electrostatic
immobilization, covering the GCE (d = 1.5 mm) surface with three successive drops of
5 pL each of 50 pg/mL dsDNA solution, and this repeated procedure ensured
completely coverage of the GCE surface by dsDNA. The DNA concentration was in
weight and the results using a multi-layer dsDNA-electrochemical biosensor on the
GCE surface are all qualitative.

After placing each drop on the electrode surface the biosensor was dried under a
constant flux of N, and afterwards was applied a potential of + 0.30 V vs Ag/AgCl
during 5 min, where no electron transfer reaction of the DNA components occurs,
leading to a much stronger DNA immobilization, and enhancing the robustness and
stability of the dsDNA nano-films on the GCE surface [29].

Incubations were always carried out immersing the DNA-electrochemical
biosensors in [CL41] = 50 uM, [CL42] = 50 uM or [CL2r50] = 5 uM, and pH = 4.5
(0.1M acetate buffer), solutions under continuously stirring, during different periods of
time. The modified electrode was always gently washed with deionized water before
transferring to acetate buffer to assure the removal of unbounded trisubstitued triazole-
linked phenyl compound.

Incubation with 300 pg/mL dsDNA was carried out by keeping the
GCE during different periods of time in solutions containing [CL41] = 50 uM,
[CL42] = 50 uM or [CL2r50] = 5 uM in pH 4.5 (0.1 M acetate buffer) at room
temperature.

3. Results and discussion

The electrochemical behaviour of three triazole-linked phenylderivatives, CL41,
CL42 and CL2r50, for a wide supporting electrolyte pH range at GCE was first studied.
The phenyl-triazole derivatives interaction with dsDNA in situ using the DNA-
electrochemical biosensor and incubated solutions was also investigated.

3.1 Redox behaviour of the triazole-linked phenylderivatives CL41, CL42 and
CL2r50
3.1.1 Cyclic voltammetry

The electrochemical behaviour of the phenyl-triazole derivatives, CL41, CL42



and CL2r50, was investigated using a GCE by CV in pH = 5.4 (0.1 M acetate buffer).
The CVs showed peaks only in the positive region, Figs. 1-3, and no peaks were
observed in the negative region. During the potential scanning a constant flow of N,
over the solution, to prevent diffusion of atmospheric oxygen into the solution, was
maintained.

The redox current is proportional to the electron transfer rate. Different
concentrations of the phenyl-triazole derivatives were used according to the redox
currents and different electron transfer rates obtained of each compound, Figs. 1-3. The
oxidation of the CL41, CL42 and CL2r50, showed irreversible oxidation peaks and .

Here Fig. 1

The first CV scan in [CL41] = 150 uM showed two irreversible peaks, peak 1,,
at Epia = + 0.84 V, and peak 2,, at Epa = + 1.18 V, Fig. 1. In the second CV scan
two new anodic peaks, peak 3,, at Epza = + 0.35 V, and peak 4,, at Eps, = + 0.63 V, and
the correspondent cathodic peaks, peak 3¢, at Epe = + 0.19 V, and peak 4, at
Epac = + 0.35 V, appeared. These peaks correspond to the quasi-reversible redox
reactions of CL41 oxidation products. Successive CVs showed a big decrease of the
oxidation peak 1, and 2, currents due to the adsorption of CL41 and/or its non-
electroactive oxidation products on the GCE surface.

The redox behaviour of CL42 and CL2r50 was also studied by CV under the
same conditions. The first CV in [CL42] = 75 uM showed two anodic peaks, peak 1,, at
Epia =+ 0.98 V, and peak 2,, at Epza =+ 1.06 V, Fig. 2, no reduction peak was observed,
and the oxidation of CL42 was irreversible.

Here Fig. 2

The CVs in [CL2r50] = 150 uM showed that the CL2r50 oxidation occurs in
three irreversible steps, with the formation of two electroactive products that undergo
quasi-reversible oxidations, Fig. 3.

Here Fig. 3

3.1.2 Differential pulse voltammetry and effect of pH

DP voltammetry of phenyl-triazole derivatives, CL41, CL42 and CL2r50, was
studied in a pH range between 3.4 and 12.0 aqueous buffer supporting electrolytes,
Fig. 4.

Here Fig. 4

DP voltammograms in [CL41] = 50 uM, in pH = 5.4 (0.1 M acetate buffer),
showed two oxidation peaks, peak 1, and peak 2, Fig. 4A. Successive DP
voltammograms in the same solution without cleaning the GCE surface showed two
new peak, peak 3, and peak 4,, corresponding to the oxidation of the CL41 oxidation
product, Fig. 4A. For pH < 9.0, both peak potentials were shifted to more negative
values with increasing pH, Fig 4B. The dependence followed the relationship Epa (V) =
1.08 — 0.059 pH for peak 1, and Ep, (V) = 1.38 — 0.059 pH for peak 2, Fig. 4B,



indicating that the oxidation mechanism in both peaks occurs with the transfer of the
same number of electrons and protons [30]. As for peak 1a,Ws, ~ 110 mV, and for peak
24, Wiz ~ 87mV, it can be concluded that the mechanism of oxidation of CL41 occurs in
two steps with one electron-one proton transfer [30]. For pH > 9.0 the oxidation of
CL41 is
pH-independent indicating a mechanism involving only the transfer of one electron and
the value of pK; ~ 9 for CL41 was determined.

DP voltammograms obtained in [CL42] = 50 uM, in pH = 5.4 (0.1 M acetate
buffer), also showed two oxidation peaks, peak 1,, at Eyia = + 0.85 V, and peak 2,, at
Ep2a =+ 0.96 V, Fig. 4C. In a second DP scan, in the same solution without cleaning the
GCE surface, two new peaks occurred, peak 3, and peak 4,. These peaks correspond to
the oxidation of CL42 oxidation product. At the same time, the oxidation peaks 1, and
2, decreased gradually with the number of scans due to the decrease of the available
electrode surface because of adsorption of CL42 and/or CL42 oxidation products on the
GCE surface. The oxidation peak 1, only appears for 2 < pH < 6, and the potential
decreased with increasing pH, Fig. 4D. The peak 2, occurs in all supporting electrolytes
and the potential was shifted to more negative values with increasing pH, Fig. 4D. The
dependence of 59 mV per pH unit, and width at half-height, for peak 1,, W1, ~ 100 mV,
and for peak 2,, Wy, ~ 90 mV, showed that each CL42 oxidation process involved one
electron-one proton transfer, Fig. 4D.

DP voltammograms in [CL2r50] = 10 uM in pH = 5.4 (0.1 M acetate buffer),
showed three oxidation peaks, Fig 4E. The oxidation of CL2r50 is pH dependent and
the variation of Ep. versus pH is linear, following the relationships: for peak 1,
Ep1a (V) =—0.072 — 0.060 pH, Wy, ~ 87 mV, corresponding to an oxidation mechanism
with one electron-one proton transfer; for peak 2, Epa (V) = — 0.32 — 0.060 pH,
Wi, ~ 60 mV, and for peak 35, Epsa (V) = — 0.32 — 0.060 pH, Wy, ~ 60 mV, each
corresponding to two electron-two proton transfer, Fig.4F. In the second DP
voltammogram, in the same solution without cleaning the GCE surface, two new peaks,
peak 4, and peak 5, corresponding to the oxidation of CL2r50 oxidation products,
Fig.4E, occurred.

The CL2r50 oxidation products peak potentials were shifted to more negative
values with increasing pH, following the relationships: for peak 4,
Epsa (V) = 0.54 — 0.059 pH, and for peak 5,, Epsa (V) = 0.75 — 0.059, Fig. 5. The slope
of 59 mV per pH unit and Wy, = 90 mV for both peaks corresponding to oxidation
mechanisms with one electron-one proton transfer.

Here Fig. 5

The oxidation currents for the electron transfer reaction of CL42, CL41 and
CL2r50 at pH = 4.5 were always greater than at the other pHs investigated.

3.1.3 Square wave voltammetry

Square wave (SW) voltammetry experiments were carried out for the three
triazole-linked phenyl derivatives for the same pH range. Since the current is sampled in
both positive and negative-going pulses, peaks corresponding to the oxidation and
reduction of the electroactive species at the electrode surface can be obtained in the
same experiment. The reversibility of the first peak was confirmed by plotting the



forward (lf) and backward (lp) current component where the oxidation and reduction
currents are equal.

SW voltammogram in [CL41] = 50 uM in pH = 5.4 (0.1 M acetate buffer)
showed two irreversible peak 1, at Ep, = + 0.87 V, and peak 2, at Epp, = + 1.20 V,
Fig. 6A, and the irreversibility of the first peak was confirmed. In the second SW
voltammogram recorded without clearing the CGE, two new peaks occurred, peak 3,, at
Epsa = + 0.36 V, and peak 4,, at Epsa = + 0.53 V, corresponding to the reversible
oxidation of CL41 products, Fig. 6B.

Here Fig. 6

The first SW voltammogram in [CL42] = 50 uM in pH = 7.0 (0.1 M phosphate
buffer) showed the irreversibility of peak 2,, Epa = + 0.71 'V, Fig. 6C. The oxidation
peak 1, only appears for 2 < pH < 6. In the second scan two anodic peaks,
corresponding reversible oxidation of CL42 oxidation products, peak 3, at Epz. = +
0.13 V, and peak 4,, at Epsa = + 0.42 V, Fig. 6D, occurred.

The SW voltammograms in [CL2r50] = 50 uM in pH = 4.3 (0.1 M acetate
buffer) showed in the first scan three irreversible oxidation peaks, peak 1,, at Epia = +
0.91V, peak 2,, at Epa =+ 1.07 V, and peak 3, at Epsa = + 1.18 V, Fig. 6E, and in the
second scan two reversible, peak 4, and 5;, in a similar behaviour to the other phenyl-
triazole derivatives, Fig. 6F.

3.2 Triazole-acridine conjugates-dsDNA interaction

Following the study of CL41, CL42 and CL2r50 oxidation mechanisms the
interaction with dsDNA of CL41, CL42 and CL2r50, using dsDNA-, poly [G], and
poly[A]-electrochemical biosensors and dsDNA-phenyl-triazole derivatives in
incubated solutions was investigated.

The knowledge of the oxidation potentials of the purine dsDNA bases dGuo, at
Epa =+ 0.98 V, dAdo, at Ep= + 1.24 V [20-22] enabled the correct identification of the
DNA-triazole-acridine conjugates interaction.

3.2.1. Triazole-acridine conjugates-dsDNA in incubated solutions

DP voltammograms were obtained after incubation periods of 0, 6 and 24 h in
pH = 45 (0.1M acetate buffer) of 300 pg/mL dsDNA with [CL42] = 50 uM,
[CL41] =50 uM or [CL2r50] = 5 uM.

Control solutions of 300 pg /mL dsDNA were also prepared and analysed after
the same periods of time and the control DP voltammogram of the dsDNA solution
showed two peaks corresponding to the oxidation of desoxyguanosine (dGuo), at
Epa =+ 0.98 V, and desoxyadenosine (dAdo), at Epa =+ 1.24 V, Fig. 7.

Here Fig. 7

DP voltammograms recorded immediately after addition of CL41 to the dsDNA
solution, showed four peaks due to the oxidation of the purine dsDNA bases dGuo, at
Epa = + 0.98 V, dAdo, at Ep= + 1.24 V and CL41 oxidation peaks 1, and 2,, at
Epia = + 0.87 and at Epza = + 1.15 V, Fig. 7. Increasing the incubation time, the guanine
and adenine oxidation peak currents decreased compared with the control dsDNA
solution, showing that dsDNA condensed after the DNA-CL41 interaction.
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DP voltammograms obtained after 6 h incubation showed an increase in all peak
currents but they were lower compared with the dsDNA control peaks, Fig. 7. This is
due to the structural changes, strand breaks and intercalation of CL41 in dsDNA,
causing the purine bases to be more in contact with the electrode surface and available
for electrochemical oxidation. The peak at Ep, = + 0.80 V corresponds to the oxidation
of CL41 intercalated in the dSDNA and/or the oxidation of free guanine released from
dsDNA, which occur at the same potential.

Similar results were also obtained for CL42 and CL2r50, Fig. 8.
DP voltammograms showed CL42 and CL2r50 oxidation peaks followed by the dsSDNA
oxidation peaks and the occurrence of the same two new peaks: at Eya = + 0.45 V and at
Epa=+0.80 V.

Here Fig. 8

The intercalation of the CL41, CL42 and CL2r50 quadruplex binders in the
DNA structure [12, 31] was detected by the occurrence of the 8-oxoGua and/or
2,8-0x0Ade oxidation peak, at Epa=+ 0.45 V.

The experiments were also performed using solutions of 100 pg/mL single
stranded poly[G] and poly[A] homopolyribonucleotides to obtain more information
concerning the preferential interaction of the purine bases, guanine or adenine, with the
dsDNA.

DP voltammograms recorded after different incubation periods showed a
decrease in the dAdo and dGuo oxidation peak currents with increasing incubation time
when compared with the control solutions. The results demonstrated that, in pH = 4.5,
the compounds CL42, CL41 and CL2r50 caused no oxidative damage to poly[G] and
poly[A] homopolyribonucleotides, since no 8-oxoGua and/or 2,8-oxoAde oxidation
peak was observed. These results are explained by the greater stability of poly[G] and
poly[A] homopolyribonucleotides secondary structures formed in pH = 4.5, making the
phenyl triazole derivatives interaction more difficult.

3.2.2.  Triazole-acridine  conjugates-dsDNA interaction using dsDNA-
electrochemical biosensors

The interaction between the dsDNA and CL41, CL42 and CL2r50, was also
investigated using dsDNA-electrochemical biosensors. The dsDNA-electrochemical
biosensor consists of an electrode with DNA immobilized on the surface. The
interaction of the compound with surface immobilized dsDNA causes changes of the
DNA structure which can be followed by the changes in the oxidation peaks of dsSDNA
purinic bases dGuo, at Ep, = + 0.91 V, dAdo, at Ep= + 1.17 V [20-22].

Complete coverage of the electrode surface was necessary [29] to avoid
undesired non-specific binding and was obtained using the multilayer
dsDNA-electrochemical biosensor, prepared as described in Section 2.4. The
interaction of dsDNA with the compounds triazole-acridine conjugates, CL41, CL42
and CL2r50, was followed with time by DP voltammetry.

The dsDNA-electrochemical biosensor prepared was incubated, for different
periods of time, 5, 10 and 20 min, in [CL42] = 10 uM and afterwards transferred to
pH = 7.0 (0.1 M phosphate buffer) where DP voltammograms were recorded, Fig. 9.

Here Fig. 9
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For low incubation times, t = 5 min, the decrease of DNA oxidation peaks, due to the
aggregation/condensation of DNA immobilized on the electrode surface, because the
purines electroactive centres are hidden inside the rigid structure being unable to reach
the GCE surface, and consequently unavailable for electrochemical oxidation, was
observed. A progressive decrease of dsDNA bases oxidation peak currents was
observed with increasing incubation time. The decrease of dGuo and dAdo oxidation
peak currents corresponded to the dsDNA condensation. The results obtained were
similar to those in incubated solutions. However, a new oxidation peak due to 8-oxoGua
and/or 2,8 oxoAde oxidation, at Ep, = + 0.34 V, and the oxidation peak due to the
oxidation of free guanines released from dsDNA, at Ep, = + 0.67 V, were observed.

The same results were also observed for the interaction of CL2r50 and CL41
with the dsDNA-electrochemical biosensor, demonstrating that, in pH = 4.5, the
compounds CL42, CL41 and CL2r50 caused oxidative damage to dsSDNA.

4. Conclusions

The electrochemical behaviour of the three phenyl-triazole derivatives (CL41,
CL42 and CL2r50), was carried out over a wide pH range, and is an irreversible, pH-
dependent electron transfer process, involving the formation of electrochemically
detected reversible electroactive products.

The interaction between dsDNA-phenyl-triazole derivatives was investigated in
incubated solutions and using dsDNA-electrochemical biosensors showing that the all
three phenyl-triazole compounds induced structural changes and strand breaks in the
dsDNA structure in a time-dependent manner, and oxidative damage to dsDNA was
electrochemically also detected by the occurrence of 8-oxoGua and/or 2,8-oxoAde
oxidation peak.

The dsDNA-electrochemical biosensors enabled a qualitative fast determination
of the affinity and selectivity of molecules binding to DNA and the detection of the
oxidative damage to dsDNA by these phenyl-triazole derivatives, and detecting the
perturbations caused to the dsSDNA morphologic structure by an external cause may
contribute to clarify the in vivo mechanisms.
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ures

. 1 CVs obtained in 150 uM CL41 solution in pH = 5.4 phosphate buffer, N,
saturated, (==) first, (***) second and (===) sixth scans, v = 100 mV/s.

2 CVs obtained in 75 pM CL41 solution in pH = 5.4 phosphate buffer, N,
saturated, (==) first, (***) second and (===) sixth scans, v = 100 mV/s.

3 CVs obtained in 150 pM CL2r50 solution pH = 5.4 phosphate buffer, N,
saturated, (==) first, (***) second and (===) sixth scans, v =100 mV/s.

4 (A, C and E) DP voltammograms base line corrected in pH 5.4 (0.1 M acetate
buffer), (==) first and (ee*) second scans, scan rate 5 mV/s; (B, D and F)
Plots of Epa vs. pH. (A, B) [CL41] = 50 uM; (C, D) [CL42] = 50 uM and (E, F)
[CL2r50] = 10 uM; peak 1, (m), peak 2, (O) and peak 3, (A).

5 Plot in [CL2r50] = 10uM of (m) Epsaand (O) Epsa vs. pH.

6 SW voltammograms in 50 uM solutions, first and second scans: (A, B) CL41 in
pH = 5.4 (0.1 M acetate buffer); (C, D) CL42 in pH = 7.0 (0.1 M phosphate
buffer); (E, F) CL2r50 in pH = 4.3 (0.1M acetate buffer), I; —total current,
I — forward and I, — backward current components, v = 100 mV/s.

7 DP voltammograms base line corrected in pH = 4.5 (0.1 M acetate buffer):
(==) 300 pg/mL dsDNA control, (==) [CL41] = 50 uM control, and after
incubation with dsDNA during: Oh (¢**), 6h (===) and 24h (==).

8 DP voltammograms base line corrected in pH = 4.5 (0.1 M acetate buffer):
(==) 300 pg/mL dsDNA control, (A) (==) [CL42] = 50 pM control and
(B) (==) [CL2r50] = 5 pM control, and after incubation with dsDNA
during: Oh (e*¢), 6h (===) and 24h (=e=).

9 DP voltammograms base line corrected in pH = 7.0 (0.1 M phosphate buffer):
(==) dsDNA-electrochemical biosensors control and (==) [CL42] = 10 uM
control, and after dsDNA-electrochemical biosensors incubation with
[CL42] = 10 uM during: (===) 5, (***) 10 and (===) 20 min.
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Triazole-linked phenyl derivatives: redox mechanisms and in

situ electrochemical evaluation of interaction with dsDNA

A. Dora R. Pontinha®, Caterina M. Lombardo?, Stephen Neidle® and
Ana Maria Oliveira-Brett"

! Department of Chemistry, University of Coimbra, 3004-535 Coimbra, Portugal

2 UCL School of Pharmacy, University College London, London WC1IN 1AX,
UK

Highlights

e Investigation of the pH-dependent redox mechanism of triazole-linked phenyl
derivatives telomerase inhibitors for a wide pH range

e Insitu evaluation of DNA-triazole-linked phenyl derivatives in incubated solutions
and using a DNA-electrochemical biosensor

e The detection of oxidative damage to the dsDNA structure using differential pulse
voltammetry

e The three phenyl-triazole derivatives induced structural changes in dsDNA and

oxidative damage to the dsDNA structure in a time-dependent manner



