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The electrochemical behavior of the interaction of-amodiaquine with DNA on a carbon paste electrode was studied using voltametric

techniques. In an acid medium, an electroactive adduct is formed when amodiaquine interacts with DNA. The anodic peak is dependent

on pH, scan rate and the concentration of the pharmaceutical. Adduct formation is irreversible in nature, and preferentially occurs by

interaction of the amodiaquine with the guanine group. Theoretical calculations for optimization of geometry, and DFT analyses and on

the electrostatic potential map (EPM), were used in-the investigation of adduct formation between amodiaquine and DNA.

Keywords: amodiaquine; guanine; adduct.

INTRODUCTION

In most cases, electrochemical investigation of the interaction
between pharmaceuticals and DNA involves the induction of changes
in the redox properties of the pharmaceuticals, since these organic'>
or inorganic*® substances often contain electrochemically active
functional groups in their chemical structures.

However, in biomedical, environmental and other areas of rese-
arch, information concerning pharmaceutical/ DNA systems can be
obtained by employing versatile biosensors based on DNA. Recent
research has developed different types of biosensors, where the
main objective has been to explore the interaction between DNA,
confined to the surface of an electrode, and the pharmaceutical in
question. The results of such research can serve as a model to eva-
luate the correlation between the biological action and damage to
the DNA,”!! in relation to the mode of action of the pharmaceutical
in biological systems.

An example is given by the work of Girousi and co-workers,'?
showing the interaction of rifampicin, a broad-spectrum antibiotic,
with DNA immobilized on a

carbon paste electrode. Piedade and co-workers' investigated
the interaction of adriamycin with calf thymus DNA physically
immobilized on the surface of a glassy carbon electrode. According
to these authors, adriamycin causes rupture of the helical DNA struc-
ture, with oxidation of DNA indicated by detection of the oxidation
marker 8-oxoguanine, formed during the in vivo metabolism of the
pharmaceutical.

Various studies have suggested that some of the aminoquinoli-
nic pharmaceuticals used in the treatment of malaria can bind with
nucleoproteins, hence inhibiting DNA replication and RNA synthe-
sis.'*1> On the other hand, recent research indicates that mutation
of the transmembrane protein present in the digestive vacuole of
Plasmodium falciparum is the key to understanding the organism’s

*e-mail: marguelho @bol.com.br

mechanism of resistance to chloroquine, one of the main amino-
quinolinic compounds employed in the treatment of malaria.'®!”
In fact, affinity between chloroquine and DNA has been used by
Radi'® to quantify this antimalarial agent in biological fluids. The
biosensor was obtained by immobilization of DNA on a carbon
paste electrode. Nonetheless, few electrochemical methods have
been developed to study the interaction of other aminoquinolinic
derivatives with DNA.

Amodiaquine is a 4-aminoquinolinic derivative (Figure 1) consi-
dered to be a powerful chemotherapeutic for the treatment of malaria
caused by Plasmodium falciparum, used either alone or in combi-
nation with sulfadoxine-pyrimethamine, and is a safe and effective
option for the treatment of malaria caused by strains that are either
sensitive or resistant to chloroquine.'*?
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Figure 1. Amodiaquine chemical structure

Within this context, the present study aims to investigate the
mechanism of interaction of amodiaquine with DNA using electro-
chemistry, since covalent attack of DNA on the carbon paste electrode
surface provides a controlled environment in which the kinetic and
thermodynamic parameters of the DNA-pharmaceutical interaction
can be better evaluated.

EXPERIMENTAL
Reagents

The reagents amodiaquine diphosphate (AMD), sodium salt calf
thymus DNA (type II), guanine and adenine were obtained from
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Sigma. Britton-Robinson?!' (B-R) buffer was prepared by mixing
0.01 mol L*! phosphoric acid, 0.01 mol L*! boric acid and 0.01 mol
L' acetic acid with an appropriate volume of 0.2 mol L' NaOH. The
buffer solutions were prepared using analytical grade reagents and
deionised water supplied from a Millipore Milli-Q system.

The solutions containing DNA used for electrode modification
were prepared by the dissolution of 3 mg of Calf thymus DNA in
0.5 mL of concentrated perchloric acid, with 0.5 mL of 9.0 mol L™
NaOH added after dissolution to neutralise the medium, according to
the procedure employed by Brett and co-workers to prepare solutions
containing single stranded DNA.?

The carbon paste electrode was prepared using 1-2 pm diameter
powdered graphite (Aldrich, Milwaukee) and 0.84 g mL"' density
mineral oil (Sigma).

Instrumentation

Voltametric analyses were performed using an Autolab potentios-
tat, controlled by GPES v.4.8 software (EcoChemie, Utrecht, Nether-
lands). A single compartment, 5.0 mL capacity, electrochemical cell
was fitted with a carbon paste working electrode, a platinum auxiliary
electrode, and an Ag/AgCl reference electrode.

Procedure

Electrochemistry

There are three stages involved in the development of an elec-
trode modified for analysis of DNA/pharmaceutical interactions:
immobilization of the DNA-pharmaceutical species, conditioning of
the electrode following modification, and analysis of the voltametric
response of the system.

A carbon paste electrode can contain different proportions of
powdered graphite and mineral oil. Here, the graphite used was
initially heated at 100 °C for 12 h, the graphite/oil mixture pre-
pared at a ratio of 3:1, and the paste obtained homogenized and
packed into a 0.5 cm internal diameter plastic tube to give a paste
thickness of 0.3 cm. A platinum thread was used as an electrical
contact. This electrode was used to investigate the electrochemical
behavior of amodiaquine at a concentration of 1.0 x 10~ mol L!
in B-R buffer solution (pH 4.0).

The electrode modified with DNA was obtained using a freshly
prepared carbon paste electrode, which was coated with 3.0 uL of a
solution containing DNA and then allowed to dry in an anhydrous
environment for 4 h. After drying, the electrode was immersed in
buffer solution (B-R, pH 4.0) for 30 min.

Theory

All the theoretical calculations were performed using the
Gaussian 03 software package.” The semi-empirical PM3 method
was employed for an initial pre-optimization. Full geometrical
optimization for amodiaquine (AMD), protonated amodiaquine
(AMD-H?*), adenine (ADE) and guanine (GUA) was achieved
using the Hartree-Fock method (3-21G basis set, B3LYP hybrid
functional and the 6-31G(d) collection of basis set functions).?
All of the stationary points were characterized as minima or
transition structures by calculation of the vibrational harmonic
frequencies. DFT analysis of the overall indices of electrophilicity
(), chemical electronic potential (i) and hardness (1) were based
on the energy of the frontier HOMO-LUMO molecular orbitals
obtained at the B3LYP/6-31+G(d,p) level. Electrostatic potential
maps (EPMs) were obtained for structures optimized using the
Gauss View 3.0 program.?
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RESULTS AND DISCUSSION
Electrochemical behavior

Cyclic voltammetry showed that amodiaquine in contact with a
carbon paste electrode presented well-defined anodic and cathodic
peaks. Increase of the scan rate (v) shifted the anodic potential (Eﬂp)
to more negative values (Figure 2), with a difference between anodic
and cathodic peaks (AEP) of 0.305V (v =0.05V s'). According to
established literature mechanistic criteria,? this value is greater than
would be expected for a reversible monoelectronic transfer without
participation of chemical reactions.
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Figure 2. Cyclic voltammograms of amodiaquine 1.0 x 10° mol L' in BR
buffer (pH 4.0). a) v = 0.05,b)v=0.2and c)v =0.5Vs'

Investigation of the influence of solution pH on amodiaquine
oxidation showed that both oxidation current and potential were pH
dependent (Figure 3). The anodic current rises with increasing of pH
until 6.0, when an abrupt decrease of the solubility of amodiaquine in
solution occurs. The shift of the oxidation potential to less negative
values, of around 49 mV pH™'. Such a shift is indicative of the par-
ticipation of protons in the electron transfer rate-determining step.”
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Figure 3. Dependence of the iap-anodic peak current (a) and Eap—anodic
peak potential (b) to amodiaquine 1.0 x 10° mol L' solution on the pH.
Conditions: v = 0.1V 57, B-R buffer

Increasing the amodiaquine concentration caused a proportional
increase in the peak current (iap). Diffusional control of the current
was evidenced by the proportionality between the anodic current (iﬂp)
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and the square root of the scan speed (v'?), and by the constant value
of the current function (iaP/v”Z) in the 0.01 to 1.0 V s interval. This
current behavior was accompanied by an anodic potential (Eﬂp) shift
of +55 mV with increasing potential scan speed, as is often observed
in electrodic processes where electron transfer (E) is followed by a
chemical reaction (C), usually termed a type EC mechanism.

The number of electrons was obtained from chronoamperometric
measurements on a timescale of 0.5 <t <5 s, at pH values of 2-7 in
solutions containing 1.0 x 10 mol L' of amodiaquine. Under these
conditions, the term i.t '/ C showed constant values, corresponding
to the transfer of one electron per molecule of amodiaquine. These
results suggest that the electrochemical behavior of amodiaquine, in
a protic medium, is similar to that of other compounds possessing a
phenolic group in their structures.”’” In general terms, monoelectronic
oxidation of a diprotonated form results in formation of a cation
radical that, as with other cation radicals formed by oxidation of a
phenolic group, can be consumed in coupling reactions of the type
C-C or C-O, forming dimeric species.?

Considering that, in a biological medium, biomolecules can act
as the surface of an electrode, promoting a heterogeneous charge
transfer, understanding of the electrochemical properties of amodia-
quine, such as the formation of radical species after its oxidation, and
the interaction of the pharmaceutical itself with biomolecules, could
contribute to a better understanding of its mechanism of action and
toxicity. DNA is indisputably one of the biomolecules most cited
in the literature, due to its reactivity and participation in the mode
of action and toxicity of many pharmaceuticals. Here, the cyclic
voltammogram of amodiaquine on an electrode modified with DNA
showed well defined anodic and cathodic peaks (Figure 4), evidence
that the amodiaquine was securely bound to the electrode surface. On
a carbon paste electrode, the oxidation potential of amodiaquine is
0.52'V (vs. Ag/AgCl), while that of an electrode modified with DNA
is 0.60 V (vs. Ag/AgCl). According to the literature, - species that
are electrochemically oxidized at potentials below 1.0 V can also be
oxidized in biological media.
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Figure 4. Cyclic voltammograms of amodiaquine 1.0 x 107 mol.L"' in BR
buffer (pH 4.0). a) carbon paste electrode and b) DNA electrode. v = 0.5V s

Using differential pulse voltammetry, it was observed that the
peak anodic current increased in the presence of DNA, and that the
formal potential (AE®’) shifted by +80 mV. According to Equation
1 below, the ratio (K . /K ) between the surface binding constants
for amodiaquine in the oxidized (K . ) and reduced (K ) forms can

oxid red
be estimated to be equal to 22.

Electrochemical and theoretical evaluation 1293

AE° = RT/(nF)In (Kox;d/Kred) )

This suggests that the oxidized form of amodiaquine interacts
more strongly with DNA than does the reduced form (by about 22
times). The oxidized form probably presents a greater interaction
with the nitrogenated bases that comprise part of the DNA structure.
According to the literature,** this type of behavior is characteristic of
interactions that involve intermixing, and are not merely electrostatic.

As in the study of the effect of pH on the oxidation of amodiaquine
on a carbon paste electrode, solution pH had a significant influence
on the electroactivity of amodiaquine on an electrode modified with
DNA. A wide range of oxidation potential was observed as a func-
tion of pH, with a variation of 110 mV pH' in the pH range 5-9. In
principle, the influence of scan speed can provide qualitative infor-
mation concerning the electrochemical behavior of a system. Here,
the electrodic behavior of amodiaquine was compared in the presence
or absence of DNA (Table 1). Comparison of oxidation potentials
indicates that the anodic shift was four times smaller in the absence
of DNA. Qualitatively, in the presence of DNA, AE, increased as a
function of scan speed, indicating that the kinetics of electron transfer
was slower, considering the cyclic voltammetry timescale.

Table 1. Electrochemical behavior of AMD and AMD-DNA modified elec-
trode in relation to scan rate

Parameters AMD (electrode II) *AMD/DNA (electrode III)
Eap (V) vslogv 0.03 0.12
AEp (V) vslogv 0.12 0.23
iap/\/”2 vs v (V.sh) 1.0 11.4
i /i (v=0.01Vs?) 0.8 1.0

cp ap

ithe electrode III was modified with AMD (5%) and doubled-stranded
DNA(95%) wiw.

For voltametric measurements on the carbon paste electrode,
the current function (iap/v”z) showed an exponential increase up to a
maximum value of 1.0 for scan speeds below 0.5V s This behavior
is frequently obtained in processes where chemical reaction occurs
after electron transfer. Similar behavior was observed for the electrode
modified with DNA. However, differences in the icp/iap ratio indicate
that a possible dimerization reaction, observed in the case of the car-
bon paste electrode, may not occur when amodiaquine is intermixed
in the structure of the DNA immobilized on the electrode surface.

According to the literature,** DNA is also an electroactive species,
and its oxidation involves a complex process of guanine and adenine
oxidation. Complete oxidation of guanine occurs at 0.95 V (vs. Ag/
AgCl), while in the case of adenine the value shifts to 1.22 V (vs.
Ag/AgCl), with the loss of four electrons and participation of four
protons in both electrodic processes. The principal mechanisms of
the electrochemical oxidation of these purine groups are illustrated
in Scheme 1S (supplementary material).

The hypothesis of adduct formation between amodiaquine and
either adenine or guanine groups was investigated using solutions
containing adenine or guanine.

Experiments employing the carbon paste electrode showed that
the electrochemical behavior of amodiaquine remained unchanged
in the presence of adenine. However, the oxidation peak of guanine
showed a current increase in the presence of amodiaquine (Figure 5,
peak 2a). The amodiaquine oxidation peak disappears in the presence
of guanine, being replaced by peaks 3a and 4a (Figure 5). These pe-
aks are probably due to reaction between amodiaquine and guanine.

Adduct formation between aromatic amines or phenols, and
guanine, has been described in the literature as a reaction that occurs
preferentially with the N2 or N7 nitrogen present in the guanine



1294 Arguelho et al.

structure. Biological studies have revealed the formation of this type
of adduct in the interaction of guanine with aniline*** and some
quinolinic derivatives.**¥” Other studies indicate that electrophilic
quinines react with DNA via the Michael Addition 1.4 mechanism,
with the N7 nitrogen of guanine being the main nucleophilic region
involved in adduct formation. In all cases, there are structural simi-
larities with amodiaquine.***°
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Figure 5. Pulse differential voltammograms in solution B-R (pH 4.0) in carbon
paste electrode. a) only amodiaquine (5.0 x 10° mol L), b) only guanine
(8.0 x 10* mol L") and ¢) amodiaquine (6.0 x 10° mol L") and guanine (8.0
x 10* mol L) in the same solutions. Conditions: AE = 50 mV, t = 5.0 ms
andv =5.0mV s’

Theoretical studies

In combination with experimental results, theoretical calculations
can be a powerful tool to support reaction mechanism hypotheses.
In this work, the reactivity of amodiaquine with adenine (ADE) and
guanine (GUA) was evaluated (Figure 6). In order to suggest possible
structures of the adducts formed, a theoretical study involving geom-
etry optimization was undertaken, together with DFT analysis of
o, 1 and M indices and mapping of electrostatic potentials.
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Figure 6. Structures used in the theoretical calculations

The global ®, p and 7 indices, obtained from the energy of the
HOMO-LUMO frontier molecular orbitals, were examined to support
the experimental results indicating that amodiaquine reacted with
guanine but not with adenine (Table 2).

The global index ®, which measures the stabilization of the
energy when the system acquires an additional electronic charge,
AN, from the environment, has been given by the expression*** @ =
u?/2m, where the chemical electronic potential, p, and the chemical
hardness, 1, can be considered in terms of the energy of an electron
from the HOMO and LUMO frontier molecular orbitals, E; and E ,
asp=E +E /2andn=E -E, respectively.**

The index of electrophilicity encompasses both the pro-
pensity of the electrophile to acquire an additional electronic
charge, driven by the square of the electronegativity (n?), and
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the resistance of the system to exchange electronic charge
with the environment, described by 1, simultaneously. A good
electrophile is characterized by a high p value, a low n value, and
an elevated o value.

As can be seen from Table 2, from analysis of the global indices it
was possible to confirm that the protonated amodiaquine (AMD-H*)
is the best electrophile (® = 8.75). On the other hand, guanine is the
best nucleophile (® = 1.10).

Table 2. Global indexes* (n, 1| e @) calculated at B3LYP/6-31+G(d,p)

Compound HOMO LUMO U n o

AMD-H* -0.3208 -0.2109 -0.2659 0.1099 8.75
AMD -0.2083 -0.0627 -0.1355 0.1456 1.72
ADE -0.2310 -0.0337 -0.1324 0.1973 1.21
GUA -0.2241 -0.0279 -0.1260 0.1962 1.10

* HOMO, LUMO, Electronic chemical potential, 1, and chemical hard-
ness, M, values are in au; electrophilicity power values, ®, are in eV.

With this information, it was possible to propose two di-
fferent structures for the adduct formed between amodiaquine
and guanine, that only differ in the position where the guanine
(nucleophile) attacks the AMD-H* (electrophile), as can be seen
in Figure 7. A proposed mechanism of this transformation is
illustrated in Scheme 1.
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Scheme 1. Proposed mechanism for the adduct formation

In order to obtain information on the stability of the proposed
adducts, and decide which position (N7 or N2) is favored for the
attack on AMD-H", the first approach was to check the difference
between the energies of the two possible adducts. The results are
presented in Table 3.

Table 3. Energies (atomic unit) and energy difference (kcal/mol) for proposed
adducts for the reaction between amodiaquine (AMD) and guanine (GUA)
calculated at the B3LYP/6-31G(d) level

Adduct Energy (atomic unit) AE (kcal/mol)
Adduct N7 - 1556.81189851 0.0
Adduct N2 -1556.81143526 +0.29
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From the results of the theoretical calculations (Table 3), it can
be observed that the energy for Adduct N2 is 0.29 kcal mol! higher
than that for Adduct-N7. The energy difference between the two
possible adducts is very small, so that it is not possible to derive any
information concerning the attack.

The second approach, based on EPM, provides valuable informa-
tion on the possible attack positions. The EPMs show the electronic
density localized in each region of the atom or molecule, which can
be useful in the present case. Figure 1S (supplementary material)
illustrates the EPMs obtained for the compounds studied using
the GaussView 3.0 software, employing the respective optimized
structures.

The EPM results clearly show that the protonated amodiaquine
(AMD-H") is the compound with greater positive character (blue
potential), confirming the global index results (AMD-H* as the best
electrophile). However the EPM of guanine appears to be decisive in
defining which position, N7 or N2, is favored for the attack of guanine
on the protonated amodiaquine. Analyzing the EPM of guanine and
comparing the regions around N7 and N2 can easily resolve this. An
electronic denseness can be clearly seen around N7 (red potential),
while there is an electronic deficiency around N2 (blue potential).
These results suggest that the most nucleophilic site is on N7 and,
therefore, the adduct formed must be the Adduct-N7.

CONCLUSIONS

Electrochemical analysis of the interaction of DNA, supported
on an electrode, with a pharmaceutical in solution, is shown to be a
convenient method for investigation of the dynamics of DNA me-
diation in electronic transfer.

The redox behavior of amodiaquine, in the presence of DNA, is
especially interesting due to the possible relationship with its toxic
effects when employed as an antimalarial treatment. The intermixing
of amodiaquine with the DNA structure, with subsequent adduct
formation between amodiaquine and guanine, may contribute to
greater vulnerability of DNA to oxidative processes. This hypothesis
is supported by theoretical calculations showing that amodiaquine
has a greater electronic affinity for guanine, than for adenine, and that
the preferential pathway for formation of the amodiaquine-guanine
adduct is via the N7 nitrogen of the guanine structure.

SUPPLEMENTARY MATERIAL

Available on http://quimicanova.sbq.org.br, in PDF file, free of
charges.
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