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Abstract

Mitoxantrone (MXT), an anti-tumor antibiotic, shows irreversible electrochemical behavior at a waxed graphite
electrode in a 0.05 M Tris—HCI buffe(pH 7.4 solution. The interaction between MXT and calf thymus DNA
(ctDNA) in solution has been studied using cyclic voltammetry. An electrochemical equation suitable for examining
the binding of irreversibly electroactive molecules to DNA is established. Determination of diffusion coefficients of
both free and binding MXT(D;, D), the binding constantk) and binding site siz€s base pairs per molecule, bp
of MXT with DNA was performed on the basis of the equation. A nonlinear fit analysis of the experimental data
yielded: D;=3.76x107° cn? s!, D,=2.73x10"7 cn?f s!, K=8.7x1C° cnt mol?!, s=2.8 bp. The results
demonstrate that MXT binds tightly to ctDNA and covers three base pairs. The anthraquinone of MXT, which is a
planar heterocyclic ring, intercalates between the DNA’s base pairs. The two aminoethylamino side-chains of the
drug fit to the major groove reinforce the combination of MXT and DNA. The results show that MXT is a DNA
intercalator with a high binding constant compared to those of other anthragquinones.
© 2003 Elsevier Science B.V. All rights reserved.

Keywords: DNA; Mitoxantrone; Irreversible electrochemical process; Voltammetry; Intercalation

1. Introduction elegant and sensitive because the electrical signal
can be monitored without regard to the clarity or
Currently, most tests for the interaction of DNA turbidity of a sample. Also it doesn't require
with other molecules are based on fluorescence expensive equipment to detect electric signal.
signals[1-5]. Although the technique is extremely A number of research groups are closing in
sensitive and quantitative, it requires excitation electrical detection of these interactiof—164.
lasers and reading by spectroscopic instruments. ASome papers were devoted to voltammetric studies
direct electric reading to study the interaction of of the interaction of metal chelates with DNB—
DNA and other compounds appears much more g 14 These investigations indicated that rather
mponding author. Tel.:+86-571-88273689; fax: straightforward eIeCtrO.Chemlca.’l methoq CO.UId be
1 86-571-88273690. employed to characterize the intercalative interac-
E-mail address: tzp@emb.zju.edu.cfil. Peng. tion between DNA and metal complexes or other
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simulation [22] and surface electrochemical tech-
on NH/\/ NN nique [23] have been used to examine the inter-
© action. However, the results are different. The

mechanism of anti-tumor activity is still not com-
pletely understood24]. In this experiment, MXT
selected as a targeting molecule was examined for

I its ability to bind to DNA by electrochemical
OH o) HN oH method. The irreversible electrochemical behavior
\/\NH/\/ of the drug and its binding to ctDNA was studied
in cyclic voltammetry. The diffusion coefficients
Fig. 1. The structure of MXT. for both of free and binding MXT(Dy, D), the
binding constan{K) and the binding site sizés,

. ) ) o bp) of MXT with DNA were determined, and the
binding constant and the size of binding site. The

interaction of daunomycin, an anti-tumor drug, 2 Experimental
with double-stranded calf thymus DNECtDNA)

was studied in solution using voltamme{fy2,13. Electrochemical experiments were carried out
These studies provide a useful aid to investigate on 3 BAS-100BW electrochemical analyzer

et al. have studied the interaction of DNA with \axed graphite electrode with geometric area of
redox-active compounds using an electrochemical 0.283 cn? was used as the working electrode. An
method and established a redox current equationag/AgCl electrode was used as the reference

for DNA complex, which is suitable for a revers- glectrode, and a platinum wire as the counter
ible procesd6-§. Electrochemical research about glectrode.

the interaction of DNA and electroactive molecules ~ MXT was obtained from Sigma Chemical Com-
in irreversible processes has not been reported.pany and the stock solution was prepared by
However, many DNA-targeting drugésuch as  directly dissolving it in a 0.05 M Tris—HCI buffer
some new chemotherapeutic agenshow irre-  (pH 7.4) solution, stored at 4°C under dark
versibility in electrochemical reaction. For irre- condition and used up in 1 week. ctDNA purchased
versible processes, the redox current is different, from Sigma Chemical Company and the stock
because the electron transfer coefficidfi) of solution was prepared in triply distilled water.
these compounds plays an important role in elec- Solutions of DNA(=10~° M in nucleotide phos-
trochemical reaction. This paper presents an elec-phate, NP gave ratios of optical density at 260
trochemical equation of redox current suitable for and 280 nm, OBy,/OD g, 0f =1.8—1.9, indicat-
irreversible process in the solution containing DNA ing that the DNA was sufficiently free of protein.
and targeting molecules. The main parameters of Stock solutiongthe concentrations determined by
interaction could be determined simultaneously by the absorbance at 260 nm in nucleotide phosphate
simple voltammetric experiments on the basis of were stored at 4C and used up in 3 days. Other
the equation. chemicals were of analytical reagent grade. Triply

Mitoxantrone (MXT) is an aminoanthraquin-  distilled water was used for all solutions.
one-containing compound used as an anti-tumor All voltammetric experiments were performed
antibiotic for leukemia and breast cancer treatment, in a 0.05 M Tris—HCI buffer solution(pH 7.4).
due to its combination with DNA[17,1§. The The working electrode was polished using alumina
structure of MXT is given in Fig. 1. Different powder and thoroughly washed with purified water
methods, such as electrical linear dichroi§h9], between measurements. Unless otherwise indicat-
in vitro transcription assay20], surface-enhanced ed, cyclic voltammetry was performed with a scan
Raman scattering analydi21], molecule dynamics  rate of 100 mV s .
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Fig. 2. Cyclic voltammograms of MXT in 0.05 M Tris—HQpH 7.4) solution. Scan rate: 100 mV s * .(a) 4.0x10°% M MXT,
(b) 4.0x107% M MXT +2.0X10™* M ctDNA.

All experiments were carried out at ambient aminoalkyl substituents after a tautomeric structur-

temperature of the laborator¢23-27 °C). All al rearrangements. Each of the steps involves two-
data, unless specified otherwise, were the averageelectron transfer [17,29. Unless otherwise
of three to five repetitive measurements. indicated, the second oxidation peak was chosen

The oriGIN software version 5.0 was used for in all subsequent experiments, as it was more
linear regression analysis @f, vs. v*/? and E ,, sensitive than the first one. The peak current of
vs. Inv plots, extrapolatingZ,, vs. v plot to v=0 MXT could be described by the classical equation
for determining the formal potentid®, and non-  for irreversible procesf26].
linear regression analysis of experimental data
based on the deduced electrochemical equation. 32 Interaction of MXT and DNA

3. Results and discussion In the presence of DNA(the ratio of total
concentration of NP to total concentration of MXT,
3.1. Irreversible electrochemical process of MXT R=50), both anodic peaks of MXT sharply

decrease in peak current and slightly shift towards

The cyclic voltammogram of MXT in 0.05 M  the positive direction in peak potentiéFig. 2b).
Tris—HCI buffer(pH 7.4) shows that the oxidation ~The peak current hardly decreases and the peak
at a waxed graphite electrode is an irreversible potential does not shift when increasing the MXT
process(Fig. 2. The first oxidation peak at 0.35 concentration(R>50), suggesting that there are
V corresponds to the oxidation of the hydroxyl almost no free MXT in the solution wheR>50.
substituents at positions 5 and 8 and the secondIn order to demonstrate that the decrease in current
peak at 0.51 V corresponds to the oxidation of the is due to the slow diffusion rate of MXT—DNA
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Table 1
Voltammetric behavior of MXT and MXT—DNA

v ipa ipa Epa E,
(Vs™ (nA) (wA) ) )
0.01 0.757 0.0617 0.479 0.554
0.02 1.09 0.0816 0.487 0.562
0.05 161 0.124 0.500 0.575
0.1 2.17 0.182 0.509 0.584
0.2 3.00 0.250 0.518 0.593
0.5 4.93 0.408 - -

Supporting electrolyte: 0.05 M Tris—HCI(pH 7.4) solution,
s =4.0X 107 M.
2DNA addition, R=50.

complex, not due to the increased viscosity of the
solution or the blockage of the electrode surface
by DNA adsorption, a special CV experiment was
designed in a K FECN)g solution with the absence
and presence of DNA. In these solutions, the ions
of Fe(CN)2~ did not interact with DNA, because
of coulombic repulsion between their negative
charges. In the absence of DNA, a normal voltam-
metric peak of FECN)§~ was observedE,,=410
mV and i,,=6.1X10~" A). Upon an addition of

S. Wang et al. / Biophysical Chemistry 104 (2003) 239-248

DNA (R=40), only the peak current(iy,)
decreased a littl€5.4x 107 A). It showed that
the addition of DNA only slightly affected the
current and there was no shift of peak potential.
Thus, there was no obvious effect on the diffusion
from the changed viscosity of solution and the
DNA adsorption. A great decrease in current and
a shift in potential in above CV experiments could
be attributed to the slow diffusion rate of MXT—
DNA complex with large molecular weight.

The UV absorption spectra of MXT and its
complex with DNA are also investigated. Both of
two maximum absorption peaks of the free MXT
shifted from 610 to 624 nm and 659 to 682 nm
(red shiff respectively, when the DNA is added
enough, indicating the interaction between MTX
and dsDNA.

Both peak potential{E,,) and peak currents
(i, Of MXT and MXT-DNA complex at the
waxed graphite electrode, were examined as a
function of scan rat€v). A summary of voltam-
metric data was given in Table 1. There is a linear
relationship betweet,, and v*/? if the electroac-
tive species does diffuse to the electrodzs),

5_
4_
< 37
o
= .|
1+ N
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.§
UW/ZI(V/S)WZ
0 1 1 1 | 1
0.0 0.1 0.2 0.3 0.4 0.5 0.6
v/ V/s

Fig. 3. Relationship betweei, andv or v*/2 for 4.0x10°® M MXT in 0.05 M Tris—HCI (pH 7.4) solution.
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Fig. 4. Relationship betwee, andv or v*/2 for 4.0x10°° M MXT +2.0x10"* M ctDNA in 0.05 M Tris—HCI(pH 7.4) solution.

whereas the species adsorbed on the electrodeobtained from the slope of the curve akglcan

surface shows a linear plot @f, vs. v. Plots of
ipaVS. v andi pavs. v/2 for MXT and MXT—DNA
complex are shown in Figs. 3 and 4, respectively.
Both plots ofip, vs. v*/? for MXT and MXT-DNA
complex are linear in the figures, demonstrating
that the main mass transport of MXT and the
complex to the electrode surface is from the
diffusion.

3.3. Measurement of electron transfer coefficient

The relationship betweeh,, and Inv, over the
range of 0.01-1.00 V, was discussed as following.
A classical equation of peak potential for an
irreversible electrode process is used h@d:

E,,=E°+RT/(BnF){0.780
+0.5In[BrDFv/(RT)] —In kg D
where k is the standard rate constant of surface
reaction and3 is the electron transfer coefficient.
According to Eq.(1), the curve ofE,, vs. Inv
should be linear(Figs. 5 and 6. Bn can be

be calculated from the intercept, if the values of
E° and D are known. The value of° in Eq. (1)
can be obtained from the intercept 6f, vs. v
plot on the ordinate by extrapolating the line to
v=0. The diffusion coefficient(D) can obtain
from nonlinear analysis of binding data later. In
the absence of DNA, the slope &f,~Inv plot
was 0.0132, and th@; was calculated{Bn);=
1.02,i.e.8;=0.51(n=2;[17,29). In the presence
of DNA, the slope ofE,,~In v plot was 0.0130,
and(Bn),=0.98, i.e.,,=0.49 (n=2; [17,29).

3.4. Current equation of targeting molecule—DNA
interaction  suitable for irreversible redox
processes

If an electroactive molecule nonspecifically
reacts with a DNA duplex at a binding site, which
is composed of bases or base pairs, the reaction
can be expressed as follows:

EM+S=EM-S 2

here EM, S and EM-S symbolize the electroac-
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Fig. 5. Relationship betweefi,, andv or Inv for 4.0x10% M MXT in 0.05 M Tris—HCI(pH 7.4) solution.

tive compound, binding site, and electroactive
compound—DNA complex, respectively. The total
concentration of the electroactive molecug, is
therefore obtained:
Ct=Cb+ Cf (3)
here C, and C;, represent the equilibrium concen-
trations of EM in EM-S, free EM, respectively.
The binding constantk, is described by the
following form:
K=Cp/(C:CY (4)
where C represents the equilibrium concentration
of free S. The average number of binding sites
along a DNA duplex molecule with an average
total number of base paiik can be described by
the following form:

x=L/s (5)

Here,s is the binding site sizébase pairs, bp
of the electroactive molecule interacting with
DNA. It means that the number of DNA base pairs
is occupied(or covered by a binding molecule.
Thus, the total concentration of binding sites
(xCpna) can be expressed as follows:
xCpna=Cp+Cs (6)
where Cpona = Cnp/(2L). Here, Cyp represents the
concentration of nucleotide phosphate, which is
determined by the UV absorption at 260 nm. The
ratio of the nucleotide phosphate concentration and
the total concentration of electroactive molecule
can be defined agR:
R=Cyp/Cy (7)

CV experiments were carried out, in which the
value of R was varied. Two limit regions were
found in the experiment. With large values Bf
the current was primarily attributed to EM—DNA
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Fig. 6. Relationship betweefi,, andv or Inv for 4.0x10°® M MXT +2.0x10~* M ctDNA in 0.05 M Tris—HCI(pH 7.4) solution.

Table 2
Effects of added MXT to DNA solution on peak currents

No. NP MXT R ipa
(uM) (pM) (Cnp/CY (pnA)

1 9.09 0.500 18.18 0.0478
2 9.09 0.645 14.12 0.0832
3 9.09 1.00 9.09 0.217
4 9.09 2.00 4.55 0.474
5 9.09 4.00 2.27 0.990
6 9.09 5.20 175 1.68

7 9.09 8.00 1.14 2.23

complex; and withR=0, the total contribution to
ipa Was from free EM. For an irreversible reaction
in CV at 25°C, the total anodic currerti,,) under
the fixed potential with anyR can be calculated:

ina=B[(Bn)¥?D¥?Ci+ (Bn)g/?Di/*C ) (8)

here B=2.99x 10°nAvY/? [26]. Making appropri-
ate substitutions and eliminating;, in the equa-
tions of Egs.(3)-(8), an equation ofi,, was
obtained:

ipaz B{(Bn)%/szl/ZCNP/R + [(Bn) %/ZD%J/Z
= (B}2DY|[b— (b2
—2K*CRip/R/5)¥?]/(2K)} (9

whereb=1+KCyp/R+ KCyp/(2s).

Eqg. (9) is valid for the assumption of nonco-
operative, non-specific binding to DNA with the
existence of one type of discreet binding site.
Becausei,,, Cnp andR are experimentally meas-
urable quantities, the diffusion coefficients of EM
and EM-DNA (D, Dy), the binding constanik)
and binding site sizés, bp) of EM—DNA can be
obtained by nonlinear regression analysis of the
experimental datdi,, and R) according to the
equation.

3.5. Determination of interaction parameters of
MXT-DNA complex

A series of CV experiments in an aqueous
medium with the same amount of DNA and
different amount of MXT, were carried out in
order to study the interaction of MXT with ctDNA
using Eq.(9). The total current of the oxidation
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Fig. 7. Binding curve of MXT with DNA in 0.05 M Tris—HCI{pH 7.4) solution.Scan rate: 100 mV s™*.

of MXT was detected when each of binding diffusion coefficient and the standard rate constant

equilibriums were reached. The experimental data of MXT decreased after an addition of an excess

were shown in Table 2. A nonlinear fit analysis of of DNA.

the data to Eq.(9) yielded the binding curve

shown in Fig. 7 and the following results were 3.7. Interaction of MXT and ctDNA

obtained: D;=3.76x10"° cnfs?!, D,=

2.73x10°7 cnf s, K=8.7x10° cn® mol?t, The binding constant of MXT and ctDNAk=

5§=2.8. 8.7x10° cn?® mol 1), which is larger than that of
other anthraguinone$28], and the binding site

3.6. Determination of k, of MXT and MXT—DNA size (s=2.8 bp demonstrate that MXT binds

complex tightly to three base pairs of ctDNA.
According to the simulation of acp/
According to Eq.(1), the curve ofE,, vs. Inv CHEMSKETCH software (ACD/Labs Producty

should be linear and the standard rate constant ofwhile the anthraquinone of MXT, a planar hetero-
surface reactionks can be calculated from the cyclic ring, intercalates the ctDNA, the two ami-
intercept, if the values of° and D are known. In noethylamino side-chains of MXT shape the helix
the absence of DNA(E®);=0.472 V, the intercept (0.8 nm in diameter in averageln general, major
was 0.539 V(Fig. 5), D;=3.76xX10"° cn? s'1, grooves of DNA double helix are 1.2 nm in
and the(ky); of 0.0061 cms! was calculated. In diameter; minor grooves are 0.6 nm in diameter.
the presence of DNA(E®),=0.546 V, the inter- For energetically favorable orientation the anthra-
cept was 0.614 V(Fig. 6), D,=2.73x10"" quinone of MXT is perpendicular to the direction
cm? st, and the(ky), of 0.0016 cms?! was of inter-base hydrogen bonds, i.e., the anthraqui-
calculated. The results suggest that the apparentnone intercalates between the base pairs of DNA,
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and two helically shaped side-chains of MXT fit
to the major groove of the duplex DNA and
reinforce the combination with DNA. This may
explain why the binding constant of MXT is higher
than those of other anthraquinon@8]. The bind-

ing site size(2.8 bp, which is just suitable for

the length of one MXT molecule, indicates that
MXT binds to DNA and covers three base pairs.

4. Conclusion

This paper presents an electrochemical equation
suitable for irreversible redox processes to examine
the interaction of DNA and targeting molecules in
solution for the first time. MXT, showing irrevers-
ible electrochemical process in cyclic voltammetry,
was selected as the targeting molecule. Dhand
D,, for free and binding MXT,K and s of MXT
with  DNA were determined simultaneously. It
shows that the electrochemical research for this
kind of interaction is sensitive, fast and economi-
cal. The equation offers great promise for further
study of interaction of DNA and more electroactive
drugs.
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