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Abstract The in sifu evaluation of the direct interaction of
chromium species with double-stranded DNA (dsDNA)
was studied using differential pulse voltammetry at a glassy
carbon electrode. The DNA damage was electrochemically
detected following the changes in the oxidation peaks of
guanosine and adenosine bases. The results obtained
revealed the interaction with dsDNA of the Cr(IV) and
Cr(V) reactive intermediates of Cr(IIl) oxidation by O,
dissolved in the solution bound to dsDNA. This interaction
leads to different modifications and causes oxidative
damage in the B-DNA structure. Using polyhomonucleo-
tides of guanine and adenine, it was shown that the
interaction between reactive intermediates Cr(IV) and
Cr(V)-DNA causes oxidative damage and preferentially
takes place at guanine-rich segments, leading to the
formation of 8-oxoguanine, the oxidation product of
guanine residues and a biomarker of DNA oxidative
damage. The interaction of Cr(VI) with dsDNA causes
breaking of hydrogen bonds, conformational changes, and
unfolding of the double helix, which enables easier access
of other oxidative agents to interact with DNA, and the
occurrence of oxidative damage to DNA.
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Introduction

In recent years increased attention has been focused on the
ways in which transition metal ions interact with double-
stranded DNA (dsDNA), with the goal of understanding the
toxic effects of some transition metal ions used in
chemotherapy as well as in the development of novel
metal-chelate chemotherapeutics.

Transition or d-block metals have the d-orbitals partially
filled, and consequently, they can be regarded as having
free radical behavior. Transition metals interact with more
than two different sites, and their interactions with dsSDNA
are complicated. The positively charged metal ions interact
directly or indirectly with sites characterized by high
electron density or negatively charged residues of dsDNA.
Such sites on dsDNA could be the negatively charged
phosphates of the backbone of both strands and the electron
donor atoms of the bases, such as N and O. The
predominant mode of transition metal ion binding takes
place at the N7 and O6 of guanine, the N7 and N1 of
adenine bases, and the N3 of pyrimidines [1].

Among the transition metal ions, chromium occupies a
unique position in biological studies. Of the various
oxidation states of chromium, Cr(VI) exists as an oxyanion,
which is structurally similar to phosphate and sulfate anion
and may enter the cells through anion channel, leading to
rapid intracellular accumulation [2—4]. This, in turn, has
been found to be toxic due to the formation of reactive
intermediate species, such as Cr(IV) and Cr(V), and
reactive oxygen species (ROS) by the cellular reductants,
such as ascorbate and glutathione [3, 5-14].

Any of these chromium-reactive intermediate species or
radical species may potentially target dsDNA and cause
various types of damage. It is described that Cr(V) has been
implicated as the intermediate species responsible for direct
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formation of a chromium—-DNA adduct in vitro and in vivo
[3, 5, 9-12]. In vitro, Cr(VI) has been shown to react with
ascorbate to generate Cr(V) that causes chromium-DNA
binding and DNA strand breaks [5]. Reactions of dsDNA
with Cr(V]) in the presence of thiols led to the formation of
the reactive intermediate Cr(V) and a chromium-DNA
adduct, and the levels of chromium bound to dsDNA
correlated with the levels and stability of the Cr(V)
intermediate formed [15]. Between DNA bases, guanine
has been found to be most vulnerable to oxidation by
chromium species [9, 16—18]. However, consensus over the
direct interaction between DNA and chromium species is
still needed.

Electrochemical techniques, such as pulse techniques,
are suitable for studies of biological systems, for instance
dsDNA-metal ion interactions [19, 20], since they are fast,
low cost, and have high sensitivity. One advantage of the
use of pulse techniques is that they bring a great
improvement in signal-to-noise ratio compared to steady-
state techniques and, in many cases, greater selectivity [21].
Differential pulse voltammetry has been successfully
utilized to investigate the interaction of small molecules
with DNA and is a powerful tool in elucidating the nature
of DNA-metal ion binding and in detecting the conforma-
tional changes and DNA oxidative damage. The oxidation
products of guanine, 8-oxoguanine (8-oxoGua), and of
adenine, 2,8-dihydroxyadenine (2,8-oxoAde), are bio-
markers of DNA oxidative damage [22, 23]. These
oxidation products, 8-oxoGua and 2,8-oxoAde, assemble,
during DNA replication, pairing with the wrong pyrimidine
base, cytosine or thymine, being considered natural cause
of mutagenesis. The electrochemical oxidation peaks of the
DNA components, nucleotides, nucleosides, purine, and
pyrimidine bases [24, 25], are employed as the biological
recognition signal for the determination of DNA specific
interaction.

Among the electrochemical transducers, carbon electro-
des demonstrate several unique properties. The extensive
potential window in the positive direction allows sensitive
electrochemical detection of the oxidative damage caused
to DNA by monitoring the appearance of the oxidation
peaks of the DNA bases. Chromium species were investi-
gated using gold and platinum electrodes [26, 27]; however,
no report has been published on the oxidation of Cr(III)
using a glassy carbon electrode (GCE).

In the present paper, a systematic study has been
undertaken to elucidate the mechanism of interaction of
chromium species with dsDNA in aqueous solution,
using differential pulse voltammetry at a GCE. The
electrochemical oxidation signal of DNA purine base
homopolynucleotides was employed for the biological
recognition for the detection of preferential DNA base
interaction.
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Experimental
Materials and reagents

The sodium salt of highly polymerized calf thymus dsDNA
(length, 10,000-15,000 bp), polyguanylic acid-poly[G]
(length, 200-600 bp), polyadenylic acid-poly[A] (length,
~200 bp; from Sigma—Aldrich), and chromium (III)
chloride and potassium chromate (from Merck) were used
without further purification.

Solutions of 2.5 mM Cr(III) and 0.5 mM CrO,>~ were
prepared directly in pH 4.5 0.2-M acetate buffer-supporting
electrolyte. A solution of 2.5 mM Cr(IIl) was also prepared
directly in pH 4.5 0.2-M acetate buffer and stocked for
1 month before use and utilized as a source solution Cr(VI),
since in these experimental conditions, Cr(IIl) in solution
was oxidized to CrO427 by the dissolved O,.

Stock solutions of 300 pug mL™" dsDNA, poly[G], and
poly[A] were prepared in deionized water and kept at
4 °C. The solutions were diluted to the desired concentra-
tion by mixing buffer-supporting electrolyte. All solutions
were prepared using analytical grade reagents and purified
water from a Millipore Milli-Q system (conductivity
<0.1 uS cm ).

In some experiments, the sample solutions were
deoxygenated bubbling high purity N, in the sample
solutions during the incubation period and continuing with
a flow of pure N, over the solution during the voltam-
metric experiments.

Microvolumes were measured using EP-10 and EP-100
Plus Motorized Microliter Pippettes (Rainin Instrument Co.
Inc., Woburn, USA). The pH measurements were carried
out using a Crison micro-pH 2001 pH-meter with an Ingold
combined glass electrode. All experiments were done at
room temperature (25+1 °C).

UV-Vis absorption

Absorption spectra were recorded using a UV—Vis spectro-
photometer SPECORD S100 from Carl Zeiss Technology
with Win-Aspect software. The experimental conditions for
absorption spectra were integration time 25 ms and
accumulation 1,000 points. All UV—Vis spectra were
measured from 300 to 800 nm.

Voltammetric parameters and electrochemical cells

Voltammetric experiments were carried out using a pAuto-
lab running with GPES 4.9 software, Metrohm/Autolab,
Utrecht, The Netherlands. The experimental conditions for
cyclic voltammetry (CV) were scan rate 100 and
250 mV s ', and for differential pulse (DP) voltammetry,
pulse amplitude 50 mV, pulse width 70 ms, and scan rate
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5 mV s '. Measurements were carried out using a GCE
(d=1.5 mm), with a Pt wire counter electrode and an
Ag/AgCl (3 M KCl) electrode as reference, in a 0.5-mL
one-compartment electrochemical cell.

The GCE was polished using diamond spray (particle
size¢ 1 pum) before every electrochemical assay. After
polishing, the electrode was rinsed thoroughly with Milli-
Q water. Following this mechanical treatment, the GCE was
placed in buffer-supporting electrolyte, and various DP
voltammograms were recorded until a steady-state baseline
voltammogram was obtained. This procedure ensured very
reproducible experimental results.

Acquisition and presentation of voltammetric data

All the voltammograms presented were background-
subtracted and baseline-corrected using the moving average
application with a step window of 5 mV included in GPES
version 4.9 software. This mathematical treatment improves
the visualization and identification of peaks over the baseline
without introducing any artifact, 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 a better 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 base line.

Samples preparation

Cr-dsDNA, Cr-poly[G], and Cr-poly[A] were prepared by
incubation at room temperature of 100 pg mL™' dsDNA,
poly[G], or poly[A] in pH 4.5 0.1-M acetate buffer with
different concentrations of the desired chromium solution,
during different periods of time: 10 min, 1 h, 6 h, 12 h,
24 h, and 60 h. Control solutions of dsDNA, poly[G], and
poly[A] in pH 4.5 0.1-M acetate buffer were also prepared
and stored during the same periods of time in similar
conditions as the Cr-dsDNA-, Cr-poly[G]-, and Cr-poly[A]-
incubated solutions. Incubations were also performed under
N, deoxygenated conditions.

Results and discussion

The Pourbaix diagram for chromium [28, 29] shows that in
solutions of pH between 1 and 6, Cr(VI) is present only in the
form of HCrO, , whereas Cr(Ill) occurs as Cr(Ill) ions and in
the form of CrOHaqH. At pH 4 to 6, the distribution of Cr(III)
and Cr(VI) oxidation states is governed by the reaction below:

CrOH,*" + 3H,0 < HCrO4~ + 6H™ + 3e (1

~—

with the possibility of O, being the electron acceptor.
Furthermore, the intermediate species can occur as product of
three consecutive Cr(III) one-electron step oxidations, Cr(Ill) to
Cr(IV) to Cr(V) to Cr(VI).

The oxidation of Cr(IIl) by the O, dissolved in pH 4.5
0.1-M acetate buffer was investigated by CV and spectro-
photometry (Figs. 1 and 2). This was very important to
ascertain the presence of chromium-reactive intermediate
species and clarify the evidence of each specie interaction
with dsDNA.

UV-Vis absorption of chromium species

In order to verify that Cr(IlI) was oxidized to Cr(VI) by the
O, dissolved in pH 4.5 0.1-M acetate buffer in the absence
of other oxidants, the changes in the Cr(IIl) visible
absorption spectrum were monitored with time. The
absorption spectra of aqueous solutions of 2.5 mM Cr(III)
and 0.5 mM CrO,*, prepared in pH 4.5 0.1-M acetate
buffer, are shown in Fig. 1. The wavelengths of maximum
adsorption found for Cr(VI) are 350 and 442 nm, while for
Cr(III), are 432 and 615 nm.

A solution of Cr(Ill) prepared in pH 4.5 0.1-M acetate
buffer showed, after 60 h, two maximum absorbance
peaks at 418 and 570 nm (Fig. 1), indicating that
interaction between Cr(IIl) and dissolved O, occurred in
a time-dependent manner. The redox reaction of Cr(III)
into Cr(VI), or vice versa, can only take place in the
presence of another couple which accepts or gives the
three necessary electrons as already discussed above
(Eq. 1), and in the experimental conditions used, the
redox couple was O,/H,O,q). Consequently, in an envi-
ronment with dissolved O,, there is an equilibrium
between Cr(III)/Cr(VI), and chromium intermediate spe-
cies will be present in solution. However, the UV—Vis
technique suffers from poor selectivity and is not optimal
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Fig. 1 Visible absorption spectra of aqueous, (solid line) 2.5 mM Cr

(1), (dashed line) 0.5 mM Cr(VI), and (dotted line) 2.5 mM Cr(1lI),
solution after 60 h preparation
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for speciation analysis. So, these experiments were also
done using electrochemical techniques.

Electrochemical behavior of chromium species

Chromium species are oxidizable at solid electrodes, and
the redox behavior of the Cr(IIT)/Cr(VI) couple was studied
by CV at a GCE in a solution of 2.5 mM Cr(Ill) in pH 4.5
0.1-M acetate buffer. The oxidation of Cr(IIl) by dissolved
0O, was investigated between —0.50 and +1.55 V, and four
peaks were observed (Fig. 2a, b).

Successive cyclic voltammograms, in a freshly pre-
pared solution of Cr(IIl), starting at an initial potential
of 0.0 V, scanning in the positive direction to +1.55 V
and after reversing the scan to the negative potential
limit of —0.50 V, at scan rate »=250 mV sfl, presented
four peaks (Fig. 2a). The oxidation of Cr(IIl) occurs by a
multi-step mechanism where peak 1,, at Epa1~+l.15 vV,
corresponds to the oxidation of Cr(IIl) to intermediate

-0.5 0.0 0.5 1.0 1.5
E /Vvs. Ag/AgCl

-0.5 0.0 0.5 1.0 1.5
E /V vs. Ag/AgCl

Fig. 2 Successive cyclic voltammograms in pH 4.5 0.1-M acetate
buffer of 2.5 mM Cr(IIl): (a) freshly prepared solution, scan rate v=
250 mV s ' and (b) solution after 60 h, scan rate v=100 mV s '; red
solid line: first scan. s.e. supporting electrolyte
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products Cr(IV)/Cr(V), peak 2,, at Epaz~+1.40 V, is
attributed to oxidation of Cr(V) to Cr(VI), and both
reactions are irreversible. The Cr(VI) oxidation product
of Cr(IlT) was reduced, giving rise to two reduction peaks,
peak 3., at Epc3~—0.30 V, that corresponds to the
reduction of Cr(VI) to Cr(V)/Cr(IV), and peak 4., at
Epc4=—0.23 V, that corresponds to reduction of Cr(V) to
Cr(Ill), and again, in both cases, the reactions were
irreversible.

Cyclic voltammograms were obtained for different scan
rates in a fresh solution of 2.5 mM Cr(Ill). Between
measurements, the electrode surface was always polished in
order to ensure a clean surface and to avoid possible
problems from the adsorption of Cr(IIl) oxidation products
onto the GCE surface. It was observed that, on increasing
the scan rate, peak 2,, at Epa2=+1.40 V, was slightly
displaced to more positive values, confirming the irrevers-
ibility of the electrochemical reaction. Increasing the scan
rate, the current of peak 2, increases linearly with square
root of v, consistent with the diffusion-limited oxidation
of a solution species. The difference between peak 2,
potential, Epaz, and the potential at peak half height,
EP/Zaz, is |Epaz—Ep/262|~75 mV. Since for a diffusion-
controlled irreversible system |Ep32—Ep/232|=47.7/(aan’),
where «, is the anodic charge transfer coefficient and »’
is the number of electrons in the rate-determining step, it
was calculated that «,n'=0.64, and since n'=1, for the
peak 2, irreversible reaction a,=0.64 was found.

Due to the complexity of the chromium species redox
process at the GCE surface, another experiment was
performed after 60 h in a solution of 2.5 mM Cr(Ill)
prepared in pH 4.5 0.1-M acetate buffer, using a clean
GCE, and scanning between —0.50 V and a positive
potential limit of +1.55 V, at scan rate »=100 mV s '. No
redox peaks were obtained in these conditions in the
positive-going scan.

The experiment was repeated, but starting at an initial
potential of 0.0 V, scanning in the negative direction until
—0.50 V, and after reversing the scan to a positive potential
limit of +1.55 V, at »=100 mV s ', and successive scans
were recorded. In the first scan in the negative direction, no
well-defined cathodic peak appeared but, in the first scan in
the positive direction, peak 1,, at Epa1~+1.06 V (Fig. 2b)
was already observed. In successive CV scans, the
voltammograms revealed analogous electrochemical behav-
ior to the experiments described above in a freshly prepared
Cr(IlT) solution, and the peak 2,, at Epa2~+l.30 V, the
cathodic peak 3, at Epc3 ~—0.30 V, and the cathodic peak
4., at Epc4~—0.14 V, were clearly observed. This confirms
that, for these experimental conditions, first the reduction of
Cr(VI) to Cr(V)/Cr(IV) occurs, followed by the reduction to
Cr(IlT), and afterwards re-oxidation of all the reduced
chromium species.
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The CVs clearly show that various chromium redox
processes occur, and based on the results obtained, the
peaks can be correlated with the different chromium
oxidation states: peak 1, to Cr(IV)/Cr(V), peak 2, to Cr
(VI), peak 3. to Cr(V)/Cr(IV), and peak 4 to Cr(IIT). These
experiments confirm that Cr(IIl) was oxidized by the
dissolved O,, in a time-dependent manner, in pH 4.5 0.1-M
acetate buffer at the concentration studied.

In situ evaluation of chromium species-DNA interaction

The knowledge of the kinetics and mechanism of the
chromium species electrode processes enable the under-
standing of the dsSDNA modifications after interaction with
chromium species in solution.

The chromium species, Cr(Ill), Cr(IV), Cr(V), and Cr
(VI), can cause a variety of DNA lesions, depending on the
chromium oxidation state and the redox processes occur-
ring upon their interaction with the genetic material. The
ability of chromium species to induce hydrogen bonding
cleavage, double helix deconformation, and/or oxidative
damage to dsDNA was studied by DP voltammetry. In all
experiments, different concentrations of Cr(Ill) and Cr(VI)
were incubated for different periods of time with
100 ug mL™' dsDNA, and their interaction was followed,
using a GCE directly in solution, by the detection of the
changes in dsDNA electrochemistry. The GCE surface was
always cleaned between each measurement to avoid current
decrease due to the strong adsorption of dsDNA after
successive scans.

The oxidation behaviors of Cr(Ill), Cr(VI), poly[G], poly
[A], and dsDNA, in pH 4.5 0.1-M acetate buffer using DP
voltammetry between +0.2 and +1.4 V, are shown in Fig. 3,
as they are the necessary controls to enable easier
identification of the peaks occurring after the interactions

a c* b

2nA

04 06 08 1.0 12 14
E/V vs. Ag/AgCl

014 ()16 0?8 1'.0 ]'.2 114

E/V vs. Ag/AgCl
Fig. 3 Baseline-corrected DP voltammograms in pH 4.5 0.1-M
acetate buffer: (a) 100 pM Cr(III) solution freshly prepared and (b)

100 pg mL™", dsDNA (red solid line), poly[G] (black dashed line),
and poly[A] (black dotted line)

chromium species—DNA, chromium species—poly[G], and
chromium species—poly[A].

In the DP voltammogram of 100 uM Cr(1ll) (Fig. 3a),
only one oxidation peak occurs, at £,,=+1.30 V, due to the
two electron oxidation of Cr(Ill) to the intermediates Cr
(IV)/Cr(V). In this experiment, the Cr(Ill) concentration
was considerably decreased, and the peak potential was
shifted in a positive direction [28]. As expected in a
solution only with Cr(VI), no oxidation peak was observed.

The oxidation of 100 pug mL ™" dsDNA shows two small
oxidation peaks (Fig. 3b), corresponding to the oxidation of
desoxyguanosine (dGuo), at E,,=+1.03 V [31], and
desoxyadenosine (dAdo), at E,,=+1.30 V [32], residues
in the polynucleotide chain. The DP voltammogram of
dsDNA shows two small oxidation peaks due to the
difficulty of the electron transfer from the inside of the
double-stranded rigid form of dsDNA to the electrode
surface [33].

The DP voltammograms of the polyhomonucleotides,
100 pug mL™" poly[G] and 100 pug mL™' poly[A], show
only one oxidation peak (Fig. 3b); poly[G] contains only
guanine (Gua) residues and oxidation occurs at the
desoxyguanosine (dGuo) residue, at Ep,=+1.03 V, while
poly[A] contains only adenine residues and oxidation
occurs at desoxyadenosine (dAdo), at E,,=+1.30 V.

The effects of the chromium species—dsDNA interaction
were followed by comparing the changes of the DNA
oxidation peaks, desoxyguanosine (dGuo), and desoxyade-
nosine (dAdo) in the absence/presence of chromium
species, and monitoring the appearance of the oxidation
products of guanine (8-oxoGua) or/and adenine (2,8-ox0Ade),
which peaks both occur at E,,=+0.45 V, vs. Ag/AgCl,
in pH 4.5 0.1-M acetate buffer, and their occurrence
is an indication of oxidative damage caused to DNA
[34, 35]. A control solution of 100 pug mL ™' dsDNA was
always prepared in acetate buffer and analyzed after
the same periods of time as the Cr(Ill)-dsDNA- and
Cr(VI)-dsDNA-incubated solutions.

The interaction between 100 pg mL' dsDNA and
100 uM Cr(II) was first studied after 10 min of incubation.
The DP voltammogram, compared with the results from the
control dsDNA solution, showed a small decrease of the
oxidation peak current of dGuo, at E,,=+1.03 V, and a
large increase of the oxidation peak current of dAdo, at
Ep,=+1.30 V (Fig. 4). The peak at £,,=+1.30 V includes
two contributions: the oxidation of dAdo residues and of
Cr(IIT) ions, since both oxidations occur at exactly the same
potential value (Fig. 3a, b). It was concluded, for the
experimental conditions used, that there was no interaction
between Cr(IIT) and dsDNA.

Cr(IIT)-dsDNA samples were investigated after 24 and
48 h incubation. The DP voltammogram of the sample
incubated during 24 h showed a small difference from the
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Fig. 4 Baseline-corrected Cr(III) + dAdo
DP voltammograms after 10 min

incubation in pH 4.5 0.1-M n
acetate buffer of 100 pug mL™
dsDNA: (red solid line) control
and (black solid line) with
~100 uM Cr(IIT)

dGuo
10 nA a
—

04 06 08 1.0 12 14
E/V vs. Ag/AgCl

control dsDNA solution. Comparison with the results
obtained after 10 min incubation showed a decrease of the
oxidation peak current of dAdo, indicating a lower
concentration of Cr(Ill), due to its partial oxidation by
dissolved O,, since the oxidation peak currents of dGuo
and dAdo were unchanged. However, the DP voltammo-
gram for 48 h incubation showed an increase of the
oxidation peak currents of dGuo and dAdo due to the
chromium—DNA interaction, compared with the results
obtained in the dsDNA control solution.

The DP voltammogram obtained after 60 h dsDNA and
Cr(IIT) incubation showed four well-defined oxidation
peaks (Fig. 5). The oxidation peaks of dGuo and dAdo
are observed, and they present an increase of the oxidation
currents due to the chromium—DNA interaction, when
compared with the results obtained in the dsDNA control
solution. The oxidation peak found at E,,=+0.45 V is
attributed to 8-oxoGua and/or 2,8-o0xoAde oxidation, and
the peak observed at £,,=+0.80 V is due to the oxidation of
free guanine released from dsDNA after 60 h incubation.

Experiments were carried out for different incubation
times, 5 min, 6 h, and 72 h, and 10 and 50 uM
concentrations of Cr(IIl) and in N, deoxygenated samples.
The increase in the oxidation peak current of dGuo and
dAdo, and of the two new peaks observed, at £,,=+0.45 V
and E,,=+0.80 V, was proportional to the increase of

Fig. 5 Baseline-corrected

DP voltammograms after 60 h
incubation in pH 4.5 0.1-M
acetate buffer of 100 pg mL™!
dsDNA: (red solid line) control
and (black solid line) with
~100 uM Cr(III)

dAdo

dGuo

8-0xG Gua

o

T T T T T T T T T T 1
04 06 08 10 12 14
E/V vs. Ag/AgCl

—
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concentration and incubation time. However, in N, deox-
ygenated samples, without the presence of O,, no detect-
able DNA oxidative damage was caused by Cr(III).

As already explained, the UV—Vis technique suffers
from poor selectivity and sensitivity when compared with
electrochemistry techniques, and is not optimal for these
analyses. However, UV-Vis experiments were done for
different incubation times, 5 min, 24 h, and 72 h, and 10,
50, and 100 pM concentrations of Cr(Ill), and for the
experimental conditions before and after Cr(III)-DNA
interaction, no difference was found.

The data obtained suggests that the Cr(Il) intermediate
oxidation products Cr(IV)/Cr(V) interact with dsDNA,
leading to modifications in the double helical structure in
a time-dependent manner without the involvement of any
activated oxygenated species. As the double helix unwinds,
the DNA bases are more exposed to the electrode surface
thus facilitating their oxidation, which can explain the
occurrence of higher oxidation peak currents for dGuo and
dAdo with increasing incubation time. Evidence for a
specific interaction between the dGuo residues and the
chromium species are based on the appearance of the free
guanine oxidation peak, at E,,=+0.80 V. The guanine
oxidation peak can be explained considering the oxidation
of the C1’ carbon of deoxyribose [36] by Cr(IV)/Cr(V), that
causes the liberation of bases.

The oxidative damage caused to DNA bases by
chromium species was also detected electrochemically by
monitoring the appearance of the bases oxidation product
peak, which will be identified in the following experiments
as 8-oxoGua, at Ey,=+0.45 V, in pH 4.5 0.1-M acetate
buffer.

The above experiments were repeated using Cr(VI)
incubated with dsDNA for different incubation times in
order to investigate if Cr(VI) induced hydrogen bonding
cleavage and/or oxidative damage to dsDNA. The interac-
tion between 100 pug mL ™' dsDNA and ~100 uM Cr(VI)
was first studied after 1 h of incubation. The DP voltammo-
gram showed an increase of the oxidation peak current for
dGuo and dAdo compared with the results obtained in the
control dsDNA solution. In other experiments, Cr(VI) was
incubated with dsDNA for 24 and 60 h, and in both cases,
the results show an increase of the oxidation peak current
for dGuo and dAdo, and a new peak from free guanine, at
Ep,=10.80 V, compared with the results obtained for the
control dsDNA solution (Fig. 6).

Experiments were carried out for different incubation
times and concentrations of Cr(VI). The increase in current
of the dGuo and dAdo oxidation peaks and of the peak
observed from guanine, at £,,=+0.80 V, was proportional
to the increase of concentration and incubation time.

The damage caused by Cr(VI) to DNA was detected
electrochemically by the oxidation peak current increase for
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Fig. 6 Baseline-corrected

DP voltammograms in

pH 4.5 0.1-M acetate buffer

of 100 pug mL™" dsDNA:

(red solid line) control and
incubated with ~100 uM Cr(VI)
during (black solid line) 24 h
and (black dotted line) 60 h

dAdo

r T T T T T T T T T 1
04 06 08 10 12 14
E/V vs. Ag/AgCl

dGuo and dAdo and the appearance of the oxidation peak
for free guanine, at £,,=+0.80 V, only after long time, 24
and 60 h, of Cr(VI) incubation with dsDNA. This is due to
breaking of the hydrogen bonds and subsequent oxidation
of the C1’ carbon of deoxyribose [36], which causes the
liberation of bases enabling the oxidation of guanine on the
GCE surface.

The direct interaction Cr(VI)-DNA occurred in the
absence of ROS considering that first, this interaction
occurs in situ and in the absence of Cr(VI) cellular
reductants such as H,0,, ascorbate, and glutathione;
second, Cr(VI) is strongly oxidizing; and third, the dsSDNA
protonation in acetate buffer neutralizes, in part, the
phosphate groups and increases their interaction with the
negatively charged Cr(VI) species.

In situ evaluation of chromium species—poly[G]
and poly[A] interaction

In order to obtain more information about the preferential
interaction of chromium species with dsDNA, experiments
were performed using 100-uM Cr(III) solutions incubated
with polynucleotides of known sequences, namely, poly[G]
and poly[A], after 60 h incubation, as described in the
“Sample preparation” section.

Fig. 7 Baseline-corrected

DP voltammograms after 60 h
incubation in pH 4.5 0.1-M
acetate buffer of 100 pg mL™!
polyG: (red solid line) control
and (black solid line) with
~100 uM Cr(III)

polyG

Gua
‘ 20nA

r T T T T
04 06 08 10 12 14
E/V vs. Ag/AgCl

8-0xG

.

—

The DP voltammogram obtained for the Cr(IIT)-poly
[A]-incubated sample showed only a very small decrease
in dAdo oxidation peak current, when compared with
the results obtained for the control poly[A] solution, and
no oxidation peaks were found at E,,=+0.45 V and at
Ep,=+0.80 V. This indicates that the interaction of Cr(III)
with the adenine base was negligible.

On the other hand, the DP voltammogram obtained for
the Cr(Ill)-poly[G]-incubated sample, when compared
with the results from the control poly[G] solution
(Fig. 7), showed an increase of the signals corresponding
to dGuo oxidation, and the appearance of the two new
peaks for 8-oxoGua, at E,,=+0.45 V, and for guanine, at
E,,=+0.80 V, indicating that oxidative damage had
occurred in the poly[G] after 60 h incubation. The dGuo
peak current increase can be explained considering
conformational changes, by the unwinding of the quad-
ruple and/or double helix structure of poly[G] in acid
media, pH 4.5 [17], thus exposing the guanine bases for
oxidation. On the other hand, the guanine release from
poly[G] structure can be explained considering the oxida-
tion of the C1’ carbon of deoxyribose [36], that causes the
liberation of bases.

The experiments using poly[G] and poly[A] added
new information to the understanding of the molecular
mechanism involved in chromium species—DNA interac-
tion. The preferential interaction with poly[G], and the
occurrence of DNA oxidative damage, was clearly shown
by the appearance of the oxidation peak of 8-oxoGua, at
Ep,=+0.45 V, due to the oxidation of the guanine residues
by the more toxic chromium higher oxidation state
reactive intermediate species.

Chromium species—DNA damage

All the above results concerning the Cr(IIT)-DNA
interaction are very important and have to be analyzed
considering also the redox reaction mentioned earlier
between the Cr(IlI) and solution dissolved O,, in the
experimental conditions investigated here.

First, the redox reactions between the Cr(III) and
dissolved O, lead to the formation of more toxic
chromium-reactive intermediate species. Second, the differ-
ent chromium oxidation state species responsible as a
precursor for the occurrence of DNA oxidative damage
should be identified. Third, the oxidation potential for the
interaction of these different chromium oxidation state
species with dsDNA should be determined.

As shown in the “Electrochemical behavior of chromium
species” section, a solution of Cr(Ill) in pH 4.5 0.1-M
acetate buffer is oxidized by dissolved O,, and the
intermediates are the product of the consecutive one-
electron Cr(IIT) oxidation to Cr(IV) to Cr(V) to Cr(VI).
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Based on the higher reactivity of the intermediates of
Cr(II) oxidation and that DNA oxidative damage was
only observed after a long incubation time of 60 h, the
results obtained show that the DNA damage observed
concerning the Cr(III)-DNA interaction was not due to
direct Cr(IIl) interaction with dsDNA but was due to
interaction with the oxidized reactive intermediates, i.e.,
Cr(IV)-dsDNA and Cr(V)-dsDNA, formed during Cr(III)
oxidation to Cr(VI) with time by dissolved O,. Also, the
absence of DNA oxidative damage in solution up to 24 h
is in agreement with the slow oxidation of Cr(Ill) to
Cr(VI) by dissolved O,. Oxidative damage caused by
Cr(IIl) to DNA was detected electrochemically by the
oxidation peak current increase for dGuo and dAdo, and
the appearance of the oxidation peaks for guanine and
8-oxoGua, only after a long time of Cr(Ill) incubation
with dsDNA.

The damage caused by Cr(VI) to DNA was detected
electrochemically by the oxidation peak current increase for
dGuo and dAdo and the appearance of the oxidation peak
for free guanine, only after long time, of Cr(VI) incubation
with dsDNA. This is due to breaking of the hydrogen bonds
and the unfolding of the double helix structure of dsSDNA
enabling the oxidation of guanine on the GCE surface, but
this interaction did not lead to appearance of 8-oxoGua, the
guanine oxidation product. However, the dsDNA confor-
mation changes detected expose the DNA bases to the
action of other oxidative agents.

The results showed direct evidence of the interactions
between different chromium species and DNA in acidic
media at pH 4.5, and considering that first, at pH 4.5, the
dsDNA structure is in the B-form [33]; second, DNA
oxidation is pH dependent; and third, the oxidation process
is more difficult in acidic media; it can be concluded that
these oxidation processes can also occur at physiological
pH.

Conclusions

The study of the interaction of dsDNA with the chromium
species Cr(Ill), Cr(IV), Cr(V), and Cr(VI), using DP
voltammetry, clarifies the mechanism by which different
chromium species bind to dSDNA causing their mutagenic
action. The different interactions with dsDNA of the
reactive intermediates of Cr(IIl) oxidation by the dissolved
O, in solution causing DNA oxidative damage, and of
Cr(VI) leading to conformational modifications of the
dsDNA double helix, were described.

The Cr(IV) and Cr(V) intermediates were produced in
situ through Cr(Ill) oxidation by O, dissolved in the
solution. On the other hand, in vivo Cr(VI) reduction by
ascorbate and glutathione will also produce Cr(IV) and
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Cr(V) intermediates and, finally, Cr(IlT). However, inde-
pendently of Cr(Ill) oxidation or Cr(VI) reduction, the
chromium species—DNA interaction, Cr(III)-DNA, Cr(IV)—
DNA, Cr(V)-DNA, and Cr(VI)-DNA, will be the same.
The procedure used enabled, as described, the separate
investigation of the interaction and toxicity of each
chromium species with DNA.

Using polynucleotides of known sequences, it was
confirmed that chromium intermediates preferentially
interact with dsDNA at guanine-rich segments, leading
to oxidative damage and formation of the 8-oxoGua,
guanine oxidation product. These results enabled a better
understanding of the molecular mechanisms involved in
chromium species-induced neoplasia.

The sensitivity of electrochemical pulse techniques
offers the possibility to follow the interaction of metal ions
with DNA under different conditions. However, it is
evident that a correlation between electrochemical results
and data obtained by means of other methods, especially in
vivo methods, is necessary.
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