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Abstract

Chromomycin A3 (Chro) is capable of forming a stable dimeric complex via chelation with Ni(II), Fe(II) and Co(II). According
to the circular dichroism study, the dimer conformations are significantly different among the Fe(II)-, Co(II)-, and Ni(II)-
containing dimeric Chro complexes; however, the dimer conformations were preserved at high temperatures. Furthermore,
we conducted a systematic study to determine the effects of these divalent metal ions on the DNA-acting efficacy of dimeric
Chro, including its DNA-binding affinity, DNA stabilization capacity, DNA cleavage activity, and the inhibition of transcription
both in vitro and within cells. Kinetic analyses using surface plasmon resonance (SPR) showed that NiII(Chro)2 exhibited the
highest Ka with a value of 1.266107 M21, which is approximately 1.6- and 3.7-fold higher than the Ka values obtained for
CoII(Chro)2 and FeII(Chro)2, respectively. The Tm and DG values for the DNA duplex increased after the addition of drug
complexes in the following order: NiII(Chro)2.CoII(Chro)2.FeII(Chro)2. In the DNA integrity assays, the DNA cleavage rate of
CoII(Chro)2 (1.261023 s21) is higher than those of FeII(Chro)2 and NiII(Chro)2, which were calculated to be 161024 and
3.161024 s21, respectively. Consistent with the SPR and UV melting results, NiII(Chro)2 possesses the highest inhibitory
effect on in vitro transcription and c-myc transcription within cells compared to CoII(Chro)2 and FeII(Chro)2. By comparing
the cytotoxicity among CoII(Chro)2, FeII(Chro)2, and NiII(Chro)2 to several cancer cell lines, our studies concluded that
NiII(Chro)2 displayed more potential antitumor activities than CoII(Chro)2 and FeII(Chro)2 did due to its higher DNA-acting
efficacy. Changes to the divalent metal ions in the dimeric Chro complexes have been correlated with improved anticancer
profiles. The availability of new metal derivatives of Chro may introduce new possibilities for exploiting the unique
properties of this class of compounds for therapeutic applications.
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Introduction

Chromomycin A3 (Chro), a glycosidic metalloantibiotic, is a

member of the aureolic family of drugs isolated from Streptomyces

griseus [1–3]. This drug contains di- and trisaccharide moieties

connected to a b-ketophenol chromophore via O-glycosidic bonds

arranged in a 2,6 relationship around the anthracene ring, with

the disaccharide at the 2 position and the trisaccharide attached at

the 6 position (Figure 1A) [4]. Chro has been used for the

treatment of malignant diseases, such as testicular tumors, and is of

limited use in the treatment of hypercalcemia [2,5]. The antitumor

properties of Chro can be attributed to its inhibitory effects on

transcription during cell proliferation [6]. Chro has also demon-

strated the capacity to downregulate the expression of many

cancer-related genes that bear GC-rich motifs in their promoters,

such as the c-myc proto-oncogene that regulates cell proliferation

[4,7]. Furthermore, Chro is a potent inhibitor of the neuronal

apoptosis induced by oxidative stress, indicating that Chro could

potentially play a role in neurological therapy [8]. In addition,

Bianchi et al. demonstrated that Chro is a powerful inducer of

erythroid differentiation of K562 cells by binding to the human c-

globin promoter and altering the pattern of protein binding to this

promoter [9].

Metal ions play an indispensable role in the actions of some

synthetic and natural metalloantibiotics, and they are involved in

specific interactions of these antibiotics with biomolecules [10].

Previous optical spectroscopic and structural studies showed that

divalent metal ions, such as Mg(II), Zn(II), or Co(II), are necessary

for Chro to bind to DNA duplexes at GC-rich sequences that are

at least three base pairs long [11–13]. The solution structures of

Chro bound to a DNA duplex were analyzed using NMR

spectroscopy, and the crystal structure of Chro-DNA complex has

already been reported. This structure reveals that the metal-

coordinated dimer of Chro causes a kink in the DNA on the minor

groove side and induces a local duplex conformational change

[14–19] (Figure 1B). The divalent metal ion in the complex has

an octahedral coordination with two water molecules acting as the

fifth and sixth ligands (Figure S1). Previous studies have reported

that the binding of Chro to DNA can be achieved only using

divalent metal ions whose ionic radii are less than 85 pm [20]. The
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interactions between drugs of the aureolic family and divalent

metal ions have been evaluated for years, but the alteration of the

metal ions that amplify the potential of these drugs in disease

therapy seems to vary [4,13,21].

In this study, we found that Chro is capable of forming a

dimeric complex via chelation with Fe(II), Ni(II) and Co(II) in the

absence of a DNA duplex. According to the circular dchroism

(CD) study, although the dimer conformations are significantly

different among the Fe(II)-, Co(II)-, and Ni(II)-containing dimeric

Chro complexes in the absence of DNA binding, the dimer

conformations were predominately preserved at high tempera-

tures. Furthermore, we conducted a systematic study to determine

the effects of these divalent metal ions on the DNA-acting efficacy

of dimeric Chro, including its DNA-binding affinity, DNA

stabilization capacity, DNA cleavage activity, and the inhibition

of transcription both in vitro and within cells. Finally, the

cytotoxicities of Fe(II)-, Co(II)-, and Ni(II)-containing dimeric

Chro complexes in several cancer cell lines were also evaluated

and compared in this study. Changes to the divalent metal ions in

the dimeric Chro complexes have been correlated with improved

anticancer profiles. The availability of new metal derivatives of

Chro may introduce new possibilities for exploiting the unique

properties of this class of compounds for therapeutic applications.

Materials and Methods

Synthetic DNA oligonucleotides were purified using gel

electrophoresis. Chro was purchased from Sigma Chemical Co.

(St. Louis, MO). The absorbance measurements were obtained

using a quartz cuvette in a Hitachi U-2000 spectrophotometer.

The Chro concentrations were estimated using an extinction

coefficient of 8,800 M21 cm21 at 405 nm [22]. The oligonucle-

otide concentrations were determined according to Beer’s law

(A = e?b?c, where A is the optical density at 260 nm, e is the

extinction coefficient, b is the cell path length of 1 cm, and c is the

DNA concentration in M). The extinction coefficient of the

plasmid DNA is 6,600 M21 cm21. The oligomer extinction

coefficients were calculated using tabulated values for the

monomer and dimer extinction coefficients as a reasonable

estimate [23].

CD measurements
The hairpin DNA d-TTGGCCAATGTTTGGCCAA was

used in the CD experiments. CD spectra were collected between

520 and 200 nm at a resolution of 1 nm using a JASCO-815

spectropolarimeter. The temperature was controlled using a

circulating water bath. All spectra are represented as the average

of three measurements. The methods used for the CD spectral

analysis have been described previously [24,25].

DNA melting studies
The methods used for the DNA melting analysis have been

described previously [26]. The UV absorbance vs. temperature

profiles were measured using a JASCO V560 UV/VIS spectro-

photometer by monitoring the sample absorption (in OD) at

260 nm. The sample cell was equipped with a Peltier-type cell

holder (EHC-441), and the temperature was regulated by a

programmer (JASCO TPU-436). The concentration of the duplex

DNA in each sample was 3 mM in 20 mM Tris–HCl at pH 7.3 in

50 mM NaCl. The experiments were performed by increasing the

temperature at a rate of 0.5uC/min from 0 to 100uC, and the

temperature was recorded every 30 sec. The data set of each

melting curve was normalized to minimize the variations in each

experiment because Tm is independent of the DNA concentra-

tions. To obtain van’t Hoff transition enthalpies, the UV melting

curves were evaluated so that the plot of the experimental

absorbance vs. temperature could be converted into a curve of

melted fractions vs. temperature. The plots of the melted fractions

in single strands (f) vs. temperature (T) were calculated by fitting

the melting profile to a two-state transition model [27]. The Tm

values were evaluated directly from the temperature at f = 0.5.

The equilibrium constants and thermodynamic parameters of

the DNA interacting with and without drug complexes were

calculated using Thermal Melt Analysis System (Varian, Inc).

Briefly, the equilibrium constant, K, at a given temperature, T, was

calculated using the equation, K = (12f)/[(CT/n)(n21)f n], where f is

the melted fraction in single strands, n is the molecularity of the

reaction, and CT is the total concentration of strands. The

enthalpy change, DH, was determined from the temperature

dependence of the equilibrium constant, K. DH was calculated

from the slope of a plot of ln Ka vs. 1/T according to the equation,

ln Ka = 2DH/RT+DS/R, where DS, which is the entropy change,

was obtained from the ordinate at the origin of the fitted line. The

free energy change, DG, at 25uC was calculated from the following

relationship: DG =DH2TDS.

DNA binding analysis
The affinity, association and dissociation between the drug and

the DNA duplexes were measured using a BIAcore 3000 A surface

plasmon resonance (SPR) instrument (Pharmacia, Uppsala,

Sweden) with a SensorChip SA5 from Pharmacia that monitored

changes in the refractive index at the sensor chip’s surface. These

changes are generally assumed to be proportional to the mass of

the molecules bound to the chip and are recorded in resonance

units (RU). The 59-biotin-labeled hairpin DNA, biotin-

Figure 1. The binding of chromomycin A3 to DNA. (A) Chemical
structure of chromomycin A3 (Chro). (B) Stereoscopic drawings of the
Mg(II)-coordinated Chro-(TTGGCCAA)2 complex viewed from the minor
groove direction (Chro is depicted in a ball-and-stick representation,
and the DNA is represented by the skeletal line drawing). (PDB:1VAQ).
doi:10.1371/journal.pone.0043792.g001
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d(TTGGCCAATGTTTGGCCAA), that were purified using

PAGE were used in the SPR experiments (the hairpin loop is

underlined). To control the amount of DNA bound to the SA chip

surface, the biotinylated oligomer was manually immobilized onto

the surface of a streptavidin chip. Solutions of the metal-derived

Chro complexes buffered with 20 mM Tris–HCl at pH 7.3 in

50 mM NaCl were prepared and used. Different concentrations of

the complexes were passed over the surface of the chip for 180 sec

at a flow rate of 10 mL min21 to reach equilibrium; one of the flow

cells remained blank as a control. Blank buffer solution was then

passed over the chip to initiate the dissociation reaction, and this

procedure was continued for 300 sec to complete the reaction.

The surface was then recovered by washing it with 10 mL of a

10 mM HCl solution. The binding constant was calculated as

previously described [28]. The sensorgrams for the interactions

between the hairpin DNA duplex and the drug were analyzed

using version 3 of the BIA evaluation software.

Measurement of DNA strand breakage using plasmid
DNA

E. coli (DH-5a) were transformed with pTYB11 and grown in

LB medium. The plasmid DNA was then purified using a Qiagen

plasmid purification kit (Valencia, CA). Reagents were added in

the following order: phosphate buffer (pH 7.3), drug complexes,

supercoiled plasmid DNA, and H2O2. (Note that phosphate, not

Tris, buffer was used in the analysis of DNA strand breakage

because Tris has been previously shown to generate formaldehyde

upon reaction with hydroxyl radicals) [29]. The samples were

incubated at 37uC at various time points, and the reactions were

stopped with thiourea prior to electrophoresis in a 1% agarose gel

followed by ethidium bromide staining for analysis. Quantification

of the DNA bands on the gel was achieved using the Uniphoto

Band Tool software.

RNA polymerase assays
During in vitro transcription, T7 RNA polymerase was used for

the RNA polymerase assay (Promega). The linearized DNA

template pTRI-b-actin-mouse and a T7 primer were used in this

study. The primer-template complex in the presence or absence of

dimeric Chro-metal complexes was heated to 95uC for 5 min and

was then equilibrated for 10 min at 4uC in reaction buffer (40 mM

Tris–HCl at pH 7.5, 7 mM MgCl2, 0.1 mM DTT). The enzyme

and NTP reaction solution were micropipetted into the DNA-drug

complex solution, which was then incubated at 37uC for 10 min.

The final enzyme and dNTP concentrations were 0.5 U and

2 mM, respectively. An aliquot (10 ml) of the reaction buffer was

removed and quenched by the addition of loading buffer (50%

glycerol, 0.25% bromophenol blue, and 0.25% xylene cyanol), and

the solution was heated to 80uC for 10 min. The reaction products

were examined using denaturing gel electrophoresis at 100 V in

10% polyacrylamide (10 cm610.5 cm60.75 mm) in TBE buffer,

with 12 M formamide as a denaturant. The gels were stained with

SYBR Green, and the bands were detected in the gel using

Imagemaster VDS (Pharmacia).

Cell culture and cell viability assay
The human cervical carcinoma (HeLa) and human oral

squamous carcinoma (HSC-3) cell lines (ATCC) were a gift from

Dr. Alan Yueh-Luen Lee (National Health Research Institutes,

Miaoli, Taiwan). The human alveolar epithelial carcinoma cell

line (A549) was provided by the American Type Culture

Collection (Rockville, MD). The cells were maintained in

Dulbecco’s modified Eagle medium (DMEM) supplemented with

10% fetal bovine serum (FBS) and 1% antibiotics. The cells were

incubated at 37uC in a humidified atmosphere with 5% CO2.

Cellular proliferations were evaluated using the colorimetric MTS

assay (CellTiter). The MTS tetrazolium compound is bioreduced

by living cells into a purple water-soluble formazan product in

culture medium as a cell-viability indicator. For the cell

proliferation assay, cells were seeded into 96-well plates at a

density of 56103 cells/well and incubated with drugs for 24 h.

After 24 h, the original medium was removed and replaced with

the drug complexes in fresh medium. After an additional 24 h, the

MTS solution was added, and the plates were incubated in a moist

chamber at 37uC for an additional 1 h. The optical density was

measured at 490 nm in an ELISA reader. At least three

independent experiments were performed to obtain the results

for a statistical analysis.

Reverse transcription and real-time PCR
HeLa cells were seeded into 6-well culture plates at a density of

16106 cells and incubated for 24 h. After 24 h, the cells were

treated with different drugs and then incubated for 6 h. Total

RNA was isolated from HeLa cells using Trizol reagent. To

remove residual traces of DNA, the RNA samples were treated

with DNase I. The total RNA concentrations were determined

from the absorbances at 260 nm. For cDNA synthesis, 1 mg of the

total extracted RNA was reverse-transcribed using Improm-II

reverse transcriptase and random primers (Promega) in a final

volume of 20 ml. PCR amplification of cDNA was performed in a

final volume of 20 ml containing 106 reaction buffer, 50 mM

MgCl2, 10 mM dNTPs, 50 ng/ml primers for b-actin (forward

primer: 5- AGCGGGAAATCGTGCGTGACA-3 and reverse

primer: 5-GTGGACTTGGGAGAGGACTGG-3) and c-myc

(forward primer: 5-AAGGCTCTCCTCTGCTTAG-3 and re-

verse primer: 5-CTCTCCTCGTCGCAGTAGAAATAC-3), 2 U

of Taq DNA polymerase, and 2 ml of cDNA. The PCR products

were subjected to gel electrophoresis on 2% agarose gels in Tris-

acetate-EDTA (TAE) buffer at 100 V for 40 min. After staining

with ethidium bromide for 15 min, the gels were destained in

water for 1 h and were visualized and photographed under UV

light using a UV-Photo Imager (EZlab). The intensities of the

DNA bands and the blank bands were determined using BIO-

RAD Quantity One software.

Transfection and luciferase reporter assays
HeLa cells were seeded into 6-well plates at a density of 16106

cells/ml for 24 h before transfection. The c-myc promoter

luciferase reporter vector was purchased from Addgene, Inc.

(Cambridge, MA). A 1-mg sample of the plasmid was transfected

into HeLa cells using jetPEITM according to the manufacturer’s

protocol. After 6 h, the medium was replaced with fresh medium

containing the desired concentrations of each compound, and the

cells were then incubated for an additional 18 h. After treatment

with the drugs, the medium was removed, and the cells were

gently rinsed with 16 PBS. The cells were lysed with Glo lysis

buffer with continuous pipetting at 4uC for 10 min. After cell lysis,

the samples were centrifuged at 10,000 rpm for 5 min, and cell

extracts were then prepared to determine protein concentrations.

Luciferase assays were performed using the luciferase assay system

(Promega). The luciferase activities were normalized to total

protein concentrations. Each measurement was obtained in

triplicate.

Statistical analysis
The cell assay results are expressed as the standard errors of the

mean (S.E.M.), SX = S/n1/2, where S is the standard deviation and

DNA-Acting Characterization of Metal(II)-(Chro)2
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n is the number of experiments. The mean values were compared

using a two-way analysis of variance (ANOVA) (SigmaStat v.2,

SPSS Inc., Chicago, IL). The level set for statistical significance

was p,0.05.

Results

Effect of divalent metal ions on the dimer formation of
Chro

The conformational changes of Chro upon binding to divalent

metal ions were characterized using CD spectroscopy. As shown in

Figures 2A and 2B, the CD spectra of Chro were scanned from

200 to 520 nm in the presence of various divalent metal ions,

including Mg(II), Fe(II), Co(II), and Ni(II), without and with DNA

binding. Based on the results of previous studies [30,31], the

spectral features in the 250–300 nm region most likely arose from

the absorption assigned to the aglycon chromophore ring of Chro

that was polarized along the long axis. Therefore, the intensity in

the 250–300 nm region is indicative of a transition between the

monomer and dimer of drugs in the aureolic family. In the absence

of DNA binding, the CD spectra of the Chro monomer exhibited

an obvious positive peak at 275 nm, and the inversion of the peak

in the 250–300 nm region was observed during the formation of

FeII(Chro)2, CoII(Chro)2, and NiII(Chro)2 in the presence of metal

ions, with a concomitant decrease in the positive and negative

peak intensities at 413 nm and 400 nm in the visible region,

respectively (Figure 2A). The results presented here clearly

indicate that a strong interaction exists between Chro and these

three divalent metal ions because the electronic transition of the

Chro chromophore was changed, as a result of the coordination of

the divalent metal ions with the oxygen atoms of each

chromophore ring of Chro. In addition, the change from

monomer to dimer resulted in an inversion of the band at

290 nm attributed to Ni(II) and Co(II), which also differs from

those arising from Fe(II), suggesting the conformations adopted by

CoII(Chro)2 and NiII(Chro)2 are significantly different from the

conformation of FeII(Chro)2. At the same concentration of Mg(II),

Chro retains the monomer conformation. To monitor whether the

integrity of the dimeric conformations of FeII(Chro)2, CoII(Chro)2,

and NiII(Chro)2 are destroyed by high temperatures, the CD

spectra of FeII(Chro)2, CoII(Chro)2, and NiII(Chro)2 at various

temperatures (20, 40, and 60uC) were scanned from 520 to

200 nm, and the spectra are shown in Figure S2. No changes

were observed in the CD spectra of FeII(Chro)2 and NiII(Chro)2 at

these temperatures, suggesting that these two drug complexes

remain stable in the dimeric conformation at high temperatures.

Although the negative peak of CoII(Chro)2 at 290 nm was blue-

shifted to 285 nm at 40 and 60uC under the same conditions, the

intensity remained at the same level, suggesting that the dimer

conformation of CoII(Chro)2 was largely preserved.

To characterize the effects of divalent metal ions on the

conformation of the Chro dimer while interacting with DNA,

dimeric Chro complexes were allowed to interact with DNA

duplexes in the presence of various divalent metal ions, including

Mg(II), Fe(II), Co(II), and Ni(II), and the interactions were

monitored using CD spectroscopy (Figure 2B). The CD spectra

of FeII(Chro)2, CoII(Chro)2, and NiII(Chro)2 bound to the DNA

duplex exhibited similar spectral features, with negative and

positive peaks at 275 and 287 nm, respectively, which provided

good evidence for an octahedral coordination sphere around the

metal ion [21]. The results also suggested that the dimer

conformations of Chro are similar in the presence of various

divalent metal ions during DNA binding.

DNA affinity analyses of dimeric Chro complexes
chelated with various divalent metal ions using SPR

To compare the binding affinity between DNA and the dimeric

Chro complexes chelated with various divalent metal ions, the

maximum binding capacity (Rmax) (in RU) and kinetic parameters

were measured using SPR. To ensure the formation of the DNA

duplexes in the SPR flow system, the biotin-labeled hairpin DNA

duplexes providing one Chro DNA-binding site (GGCC) were

used as the probe. According to the SPR sensorgram shown in

Figure 3A, FeII(Chro)2 appears to have a greater binding capacity

(,145 RU) than do the other dimeric Chro complexes, whereas

the interaction between the hairpin DNA duplexes and MgII(-

Chro)2 exhibits the lowest binding capacity (,46 RU). The kinetic

constants for the association (ka in M21s21) and dissociation (kd in

s21) of the dimeric Chro complex binding to the hairpin DNA

duplexes were calculated from the association and dissociation

Figure 2. The conformational changes of Chro upon binding to
divalent metal ions. (A) CD spectra of Chro in the presence of various
divalent metal ions. The drug concentration was 0.04 mM in a 20 mM
Tris-HCl buffer (pH 7.3) at 20uC. (B) CD spectra of divalent metal ion-
mediated dimeric Chro-hairpin DNA duplex complexes. The drug
concentration was 0.04 mM in a 20 mM Tris-HCl buffer (pH 7.3) at 20uC.
The concentration of DNA was 0.04 mM. A synthetic hairpin DNA,
TTGGCCAATGTTTGGCCAA, was used in the CD study (the hairpin loop is
underlined).
doi:10.1371/journal.pone.0043792.g002
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phases of the SPR traces, respectively (Table 1). The NiII(Chro)2
complex exhibited the highest ka, 1.116104 M21 s21, followed by

CoII(Chro)2 and FeII(Chro)2 with ka values of 6.906103 and

2.636103 M21 s21, respectively. MgII(Chro)2 exhibited the lowest

ka of 1.536103 M21 s21. As for the dissociation constants, the kd

values of FeII(Chro)2, CoII(Chro)2, and NiII(Chro)2 were essentially

the same, with values of 7.8061024 s21, 8.6561024 s21,

8.7861024 s21, respectively, although they were significantly

smaller than the kd value of MgII(Chro)2, which was

1.3061023 s21. The association constants (Ka) of all of the dimeric

Chro complexes binding to the hairpin DNA duplexes were

calculated as ka/kd (in M21) and are graphed in Figure 3B.

NiII(Chro)2 exhibited the highest Ka with a value of

1.266107 M21, approximately 1.6-fold, 3.7-fold, and 10.6-fold

higher than the Ka values obtained for CoII(Chro)2, FeII(Chro)2,

and MgII(Chro)2, respectively.

Stabilization effect of dimeric Chro chelated with divalent
metal ions on the DNA duplexes

To determine the stabilizing effects of dimeric Chro chelated by

divalent metal ions on the formation thermodynamics of the DNA

duplexes, the melting curves of the DNA duplexes were

determined following their complexation by recording their A260

values at different temperatures (Figure 4A). The Tm values of the

DNA duplexes are almost identical in the absence and presence of

Chro. The Tm value of the duplex increased by 5.4uC upon the

addition of MgII(Chro)2 (Figure 4B). Although the binding

affinity of FeII(Chro)2 to DNA was greater than that of

MgII(Chro)2, the addition of FeII(Chro)2 to the DNA duplex only

resulted in an increase in the Tm value of 2.9uC. Conversely, the

addition of CoII(Chro)2 and NiII(Chro)2 to the DNA duplex

resulted in dramatic increases in the Tm values of 8.4 and 10.0uC,

respectively, because CoII(Chro)2 and NiII(Chro)2 exhibit higher

DNA-binding affinities compared to MgII(Chro)2 and FeII(Chro)2.

In addition, thermodynamic parameters, such as the Gibb’s free

energy change (DG), the enthalpy change (DH), the entropy

change (DS), and the entropy change multiplied by absolute

temperature (TDS), were derived from the thermal denaturation of

the DNA duplex; the calculated values are listed in Table 2. The

formation of the DNA duplex increased the entropy (DS) at 298 K

in the presence of the dimeric Chro complexes. The enthalpy of

DNA duplex formation is 2292.1 kJ/mol. The enthalpies of DNA

duplex formation in the presence of CoII(Chro)2 and NiII(Chro)2
are 2392 and 2410.3 kJ/mol, respectively, which indicates that

the DNA duplex is considerably more thermally stable upon

CoII(Chro)2 and NiII(Chro)2 binding. The extent of DNA duplex

formation in the presence of the dimeric Chro complex is

indicated by the DG value. The DG values for the formation of the

DNA duplex examined here are negative, suggesting that the

formation of DNA duplex in the presence and absence of drugs is

an exergonic process. The DG value for the DNA duplex increased

upon addition of the drug complexes in the following order:

NiII(Chro)2.CoII(Chro)2.MgII(Chro)2.FeII(Chro)2. Therefore,

in terms of the melting of the DNA duplexes, the stabilizing effect

of NiII(Chro)2 on the DNA duplex is much greater than those of

the other dimeric Chro complexes.

Plasmid DNA integrity assay in the presence of Fe(II)-,
Co(II)-, and Ni(II)-containing dimeric Chro complexes

Previously, CoII(Chro)2 and FeII(Chro)2 were shown to cause

single-stranded cleavage of plasmid DNA [21]. The cleavage

activity of NiII(Chro)2 has remained unclear because the oxidation

of nickel also results in the formation of reactive oxygen species,

which can then cause oxidative damage to DNA [32]. Herein, to

compare the DNA cleavage rate of the Fe(II)-, Co(II)-, and Ni(II)-

containing dimeric Chro complexes, the plasmid DNA (P),

pGEM-7zf(2), was treated with these complexes (10 mM) in the

presence of H2O2 at various time points by monitoring the levels

of conversion of the DNA from the supercoiled (SC) form to the

open circular (OC) and linear (L) forms, as shown in Figure 5A.

Figure 3. DNA affinity analyses of dimeric Chro complexes
chelated with various divalent metal ions. (A) Sensorgrams of the
interaction between an immobilized hairpin duplex and the target
(5 mM) in a 20 mM Tris–HCl buffer (pH 7.3) containing 50 mM NaCl at
20uC. (B) Numerical values of the SPR-derived association equilibrium
constants, Ka, for immobilized hairpin DNA upon the binding of drugs.
doi:10.1371/journal.pone.0043792.g003

Table 1. Numerical values of the SPR-derived association rate
constants, dissociation rate constants, and association
equilibrium constants (ka, kd, and Ka) for the immobilized
hairpin DNA upon binding to a drug.

ka(M21s21) kd (s21) Ka(M21)

MgII(Chro)2 1.5360.126103 1.3060.1161023 1.1860.146106

FeII(Chro)2 2.6360.226103 7.8060.2861024 3.3760.296106

CoII(Chro)2 6.9060.426103 8.6560.5161024 7.9860.636106

NiII(Chro)2 1.1160.096104 8.7860.4261024 1.2660.116107

doi:10.1371/journal.pone.0043792.t001

DNA-Acting Characterization of Metal(II)-(Chro)2
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Untreated plasmid was observed as a single supercoiled (SC) DNA

band on gels. No plasmid DNA relaxation by the Fe(II)-, Co(II)-,

and Ni(II)-containing dimeric Chro complexes was observed in the

absence of H2O2, suggesting that the DNA cleavage activities of

these drug complexes was achieved via a Fenton-type reaction.

The SC form of plasmid DNA was completely converted into the

OC and L forms by NiII(Chro)2, CoII(Chro)2, and FeII(Chro)2 at

120, 60, and 150 min, respectively. Moreover, the levels of the L

form of plasmid DNA caused by NiII(Chro)2, CoII(Chro)2, and

FeII(Chro)2 increased with time. These results confirmed the

observation that plasmid breakage occurs as a result of the

formation of double-strand scissions, which result from the

stepwise cleavage of single strands. The DNA cleavage rate of

CoII(Chro)2 (1.261023 s21) is higher than those of FeII(Chro)2 and

NiII(Chro)2, which were calculated to be 161024 and

3.161024 s21, respectively (Figure 5B).

Inhibition of in vitro transcription by Fe(II)-, Co(II)-, and
Ni(II)-containing dimeric Chro complexes

To compare the inhibitory effects of NiII(Chro)2, CoII(Chro)2,

and FeII(Chro)2 on in vitro transcription, pTRI-b-actin-mouse

cDNA was used as a template and was treated with T7 RNA

polymerase to monitor transcription in the presence of increasing

concentrations of the drug complexes. T7 polymerase is a good

model for in vitro transcription due to its extreme promoter

specificity [33]. In the absence of drug complexes, a 245-bp b-

actin mRNA product was produced by T7 RNA polymerase

(Figure 6A). In the presence of increasing concentrations of

NiII(Chro)2, CoII(Chro)2, and FeII(Chro)2, the level of the RNA

product was diminished (Figure 6B). The synthesis of RNA

molecules by the T7 RNA polymerase was completely inhibited by

NiII(Chro)2 and CoII(Chro)2 at a concentration of 0.6 and 0.8 mM,

respectively (Figure 6A). The enzymes displayed approximately

68% inhibition by CoII(Chro)2 at concentrations of 0.6 mM. In

addition, T7 RNA polymerase was completely inhibited by

1.2 mM FeII(Chro)2 (Figure 6A).

Comparison of c-myc transcription inhibition by Fe(II)-,
Co(II)-, and Ni(II)-containing dimeric Chro complexes in
HeLa cancer cells

To compare the transcription inhibition by NiII(Chro)2,

CoII(Chro)2, and FeII(Chro)2 in a cell model, we monitored c-

myc gene expression in HeLa cells using RT-PCR in the presence

of increasing concentrations of drug complexes because Chro has

been reported to inhibit the transcription of c-myc by binding to a

GC element in the c-myc promoter, primarily inhibiting the Sp1

family from binding to DNA (Figure 7A) [34]. Uncomplexed

Chro was used as a control. Free Chro at 100 and 500 nM

inhibited transcription of the c-myc gene by 6 and 21%,

respectively (Figure 7B). Cells cultured in the presence of 50

and 250 nM FeII(Chro)2 for 6 h displayed ,17 and 26%

Figure 4. Stabilization effect of dimeric Chro chelated with
divalent metal ions on the DNA duplexes. (A) The melting curves
of the DNA duplexes (3 mM) with and without bound drugs in a 20 mM
Tris-HCl buffer (pH 7.3) containing 50 mM NaCl at 20uC. (B) Comparison
of melting temperature increases of hairpin DNA upon the binding of
drugs.
doi:10.1371/journal.pone.0043792.g004

Table 2. The melting temperature and thermodynamic parameters derived from thermal denaturation for the formation of duplex
DNA with and without drug binding at 25uC.

Tm (6C) DG (kJmol21) DH (kJmol21) 2TDS (kJmol21)

DNA alone 69.90 (60.10) 238.28 (61.45) 2292.10 (611.37) 253.82 (69.94)

Chro 70.01 (60.09) 239.67 (61.32) 2300.22 (69.29) 260.55 (68.22)

FeII(Chro)2 72.79 (60.05) 243.47 (60.63) 2314.00 (64.70) 270.53 (64.08)

MgII(Chro)2 75.28 (60.04) 252.17 (62.27) 2360.04 (615.39) 307.86 (613.11)

CoII(Chro)2 78.35 (60.06) 257.52 (61.02) 2392.02 (66.77) 334.48 (65.73)

NiII(Chro)2 79.94 (60.05) 263.57 (61.60) 2410.34 (610.01) 346.76 (68.40)

doi:10.1371/journal.pone.0043792.t002
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reductions in c-myc expression, respectively, whereas the addition

of 50 and 250 nM CoII(Chro)2 reduced c-myc levels by ,55 and

74% (Figure 7B). These results indicate that CoII(Chro)2 and

FeII(Chro)2 are both able to inhibit c-myc expression in HeLa cells.

Moreover, NiII(Chro)2-treated HeLa cells markedly reduced c-myc

gene expression by 61 and 98% in the presence of 50 and 250 nM

NiII(Chro)2, respectively (Figure 7B). These results suggest that

Ni(II), Co(II), and Fe(II) potentiate the inhibitory activity of Chro

on the expression of the c-myc gene in the cancer cells. NiII(Chro)2
inhibited transcription at lower concentrations and to a higher

degree than did CoII(Chro)2 and FeII(Chro)2.

To confirm the inhibition by NiII(Chro)2, CoII(Chro)2 and

FeII(Chro)2 on c-myc expression via binding of the metal complex

to the c-myc promoter region, we used a reporter assay using a

human c-myc promoter-driven luciferase system to compare the

capacities of the metal derivatives of dimeric Chro to block the

transcription driven by GC-rich DNA-binding transcription

factors (Figure 7C). NiII(Chro)2 was the most potent compound

in the reporter assays, inducing .80% inhibition at a concentra-

tion of 100 nM. At this dose, CoII(Chro)2 and FeII(Chro)2
inhibited the c-myc promoter-based reporter by only 75 and

65%, respectively.

Comparison of the cytotoxicity of the Fe(II)-, Co(II)-, and
Ni(II)-containing dimeric Chro complexes in the HepG2
cancer cell line

To evaluate the antitumor effects of the metal complexes

examined in this study, cell viability was assessed in HeLa, HSC-3,

and A549 cells using an MTS assay involving the three metal-

derived dimeric Chro complexes; uncomplexed Chro was used as

a control. Treatment of three cell lines for 24 h with 10 mM

FeSO4, CoCl2, and NiSO4 alone did not visibly affect the cell

viability. Table 3 shows the IC50 values of the HeLa, HSC-3, and

A549 cells after incubation with the three metal-derived dimeric

Chro complexes for 24 h. The HeLa cells appeared to be more

sensitive to these drug complexes relative to other cancer cells.

Fe(II), Co(II), and Ni(II) potentiated the antiproliferation effects of

Chro in HeLa cells at 24 h. These values showed more than two-

fold cytotoxicity compared to those of Chro treatment alone at

24 h. Moreover, NiII(Chro)2 was shown to be more active toward

HeLa cells, with an IC50 value of 52.566.6 nM at 24 h, than were

CoII(Chro)2 and FeII(Chro)2, with IC50 values of 90.062.5 nM

and 208.763.8 nM, respectively (Table 3). In addition, we tested

the cytotoxicity of the three metal-derived dimeric Chro

complexes toward other cancer cell lines, including HSC-3 and

A549 cells, under the same conditions as described for HeLa cells

(Table 3). As expected, NiII(Chro)2 had better anti-proliferation

effects on HSC-3 and A549 cells than did CoII(Chro)2 or

FeII(Chro)2, with IC50 values of 78.061.9 nM and

413.564.5 nM, respectively, at 24 h.

Figure 6. Inhibition of in vitro transcription by Fe(II)-, Co(II)-,
and Ni(II)-containing dimeric Chro complexes. (A) The effects of
CoII(Chro)2, FeII(Chro)2, and NiII(Chro)2 at various concentrations on T7
RNA polymerase activity. (B) Quantification of the percentage of RNA
polymerase activity on drug inhibition at various concentrations relative
to the control (no drug treatment). The data represent the mean values
6SDs from three separate experiments.
doi:10.1371/journal.pone.0043792.g006

Figure 5. Plasmid DNA integrity assay in the presence of Fe(II)-,
Co(II)-, and Ni(II)-containing dimeric Chro complexes. (A)
Plasmid DNA (P) was treated with CoII(Chro)2, FeII(Chro)2, or NiII(Chro)2

(10 mM) and H2O2 at 37uC at various time points (0, 10, 30, 60, 120, 180,
240, 300 and 360 min). The supercoiled, open circular, and linear forms
are denoted by SC, OC, and L, respectively. (B) Quantification of the
percentage of plasmid cleavage relative to plasmid DNA per lane at
various time points (0, 10, 30, 60, 120, 180, 240, 300 and 360 min). The
cleavage rate constants (kcl) were calculated by fitting the normalized
data to the equation [100- % cleavage] = 100e2kt, as described
previously [51].
doi:10.1371/journal.pone.0043792.g005
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Discussion

Recently, the use of the aureolic family of drugs has emerged in

both cancer- and non-cancer-related disease therapies [35,36]. For

example, the new aureolic acid-type compounds, generated via

combinatorial biosynthetic methods, were investigated for their

application in cancer therapy and their effect on Sp binding to the

c-src promoter region [37]. The combination of betulinic acid and

mithramycin results in a synergistic inhibitory effect on pancreatic

cancer growth and has a therapeutic advantage over gemcitabine

[38,39]. In addition, Lahiri et al. indicated that Chro has potential

for chelation therapy in Cu(II) accumulation [40]. Divalent metal

ions have been shown to be necessary for dimer formation of drugs

of the aureolic family prior to the binding of these drugs to a GC-

rich DNA duplex [11,22]. Recently, we focused on the develop-

ment of metal-derived complexes of the aureolic family of drugs

and the exploration of their multifunctional anticancer activities,

including DNA cleavage activity and topoisomerase I inhibition

[4,21,24,41]. In this study, the dimer form of Chro chelated with

Fe(II), Co(II), and Ni(II) can be achieved when Fe(II), Co(II), and

Ni(II) are in low-spin states with ionic radii of 75, 79, and 83 pm,

respectively [20]. It is believed that the rigid steric configuration of

the bidentate Chro complex containing two neutral oxygen atoms

on the chromophore causes a large ligand field splitting on the

central metal ions and results in the low-spin states of the chelated

divalent metal ions. In stark contrast to the formation of Fe(II)-

containing dimeric Chro complexes that exhibited an inversion of

the CD band at approximately 275 nm during complex formation,

the formation of the Co(II)- and Ni(II)-containing dimeric Chro

complexes caused the negative peak at 290 nm. The divalent

metal ion-dependent difference in the CD spectra of Chro was

ascribed to different structures of the dimeric Chro complexes

chelated with various divalent metal ions, specifically the

coordination geometry. When metalloantibiotics are used in a

clinical trial, their structural integrity must be maintained.

Recently, our CD spectral analyses showed that the more stable

dimeric complexes of Chro chelated with Fe(II), Co(II), and Ni(II)

exhibited strong structural integrity against destruction by heat at

60uC.

Previous studies have shown that metal ions play a crucial role

in determining the DNA reactivity of several synthetic and natural

metalloantibiotics [10]. To explore the effects of various divalent

metal ions, including Fe(II), Co(II), and Ni(II), on the efficacy of

dimeric Chro complexes in the nucleus of cancer cells, we further

characterized the DNA reactivity of these complexes. According to

SPR assays, the analysis of the kinetic parameters reveals marked

differences among CoII(Chro)2, FeII(Chro)2, and NiII(Chro)2
interacting with a DNA duplex containing regions of 4-bp G-

tracts. NiII(Chro)2 exhibits a faster association rate for binding to

DNA than do the other complexes, whereas the dissociation rates

of CoII(Chro)2, FeII(Chro)2, and NiII(Chro)2 from the DNA were

essentially the same. This result suggests that a suitable minor

groove in the DNA duplex allows easier access to the minor groove

for NiII(Chro)2 than for other complexes. Moreover, the binding

affinity of the dimeric Chro complexes for the DNA duplex follows

the order NiII(Chro)2.CoII(Chro)2.FeII(Chro)2. The thermal

stability of the dimeric-Chro-M DNA duplexes increases consid-

erably (DTm = 2.89–10.04uC) depending on the metal ion com-

pared to the stability of the complexes without metal ions.

Consistent with the above SPR results, the most dramatic

increases in the Tm, DG and DH values of the DNA duplex were

observed upon NiII(Chro)2 binding relative to the other complexes.

Moreover, this study provides evidence that CoII(Chro)2, FeII(-

Chro)2, and NiII(Chro)2 can generate damaging hydroxyl radicals

that cause DNA stand breaks via a Fenton-type reaction and can

kill cancer cells. Interestingly, the FeII(Chro)2-induced DNA

cleavage rate was 12 and 3.1 times lower than those of CoII(Chro)2

Table 3. Effects of Chro and the NiII-, CoII-, FeII-containing
dimeric Chro complexes on the viability of various cancer cell
lines at 24 h; reported as IC50

a values (nM).

HeLa HSC-3 A549

Chro 468.6611 709.2630.6 1324.8635.8

FeII(Chro)2 208.763.8 333.966.1 676.666.1

CoII(Chro)2 90.062.5 187.169.1 615.0616.1

NiII(Chro)2 52.566.6 78.061.9 413.564.5

aIC50 indicates the concentrations that inhibited cell growth by 50%.
doi:10.1371/journal.pone.0043792.t003

Figure 7. c-myc transcription inhibition by Fe(II)-, Co(II)-, and
Ni(II)-containing dimeric Chro complexes in HeLa cancer cells.
(A) The effects of Chro alone (100 and 500 nM), CoII(Chro)2 (50 and
250 nM), FeII(Chro)2 (50 and 250 nM), and NiII(Chro)2 (50 and 250 nM)
on the c-myc transcripts of HeLa cells determined using RT-PCR for
24 h. b-actin was the internal control. (B) Quantification of the
percentage of c-myc transcripts during drug inhibition at various
concentrations relative to the control sample (no drug treatment). The
data represent the mean values 6SDs from three separate experiments.
(*p,0.05). (C) Normalized luciferase activity observed in HeLa cells
transfected with the c-myc promoter luciferase reporter vector after
treatment with Chro alone (0.2 mM), CoII(Chro)2 (0.1 mM), FeII(Chro)2

(0.1 mM), and NiII(Chro)2 (0.1 mM) at 18 h.
doi:10.1371/journal.pone.0043792.g007
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and NiII(Chro)2, respectively. Although CoII(Chro)2, FeII(Chro)2,

and NiII(Chro)2 exhibited different DNA reactivities, the CD

spectra of Fe(II)-, Co(II)-, and Ni(II)-containing dimeric Chro

complexes bound to DNA were essentially identical to that of a

MgII(Chro)2 complex in the presence of a DNA duplex, exhibiting

induced CD intensities at 287 and 275 nm (UV region). The

results also suggest that these complexes have similar binding

modes toward DNA.

RNA polymerase, which is necessary for constructing RNA

chains using DNA genes as templates in essential cellular

processes, is the target of many therapeutic agents [42]. Various

RNA polymerase inhibitors, such as actinomycin D, are presently

used as drugs in cancer therapy [43]. T7 RNA polymerase

possesses all of the fundamental features of eukaryotic RNA

polymerases and serves as an ideal model system in which to study

the functional mechanisms of transcription in vitro [44,45]. Our

study showed that CoII(Chro)2, FeII(Chro)2, and NiII(Chro)2 were

able to interfere with the activity of T7 RNA polymerase via

groove binding. The binding of a Chro-metal complex with DNA

could prevent RNA and DNA polymerase from binding to the

DNA, thus affecting the initiation of transcription. In addition, the

drug can block the progression of RNA polymerase along the

template DNA, prematurely terminating transcription. In this

study, NiII(Chro)2 possesses the highest inhibitory effect on RNA

polymerase in vitro compared to the other complexes because it

exhibits the highest DNA-binding affinity.

Transcription factors, such as Sp1 bound to GC-rich sequences

in promoter regions, are associated with cancer pathogenesis [46].

Blocking the binding of transcription factors to DNA using DNA-

binding drugs and, in turn, modulating the expression of

oncogenes such as c-myc have become attractive issues in cancer

therapy [47]. Previous studies reported that the aureolic acid

antibiotic Mith with GC-rich DNA sequences selectively inhibits c-

myc gene transcription by interacting with the c-myc promoter to

block the access of the Sp1 transcription factor [48]. Our current

RT-PCR and luciferase reporter studies have shown that

CoII(Chro)2, FeII(Chro)2, and NiII(Chro)2 have the capacity to

inhibit c-myc gene transcription regulated by the Sp1 transcription

factor. As a consequence of our in vitro transcription results, which

showed the highest inhibitory effect on the RNA polymerase

exhibited by NiII(Chro)2, this Ni-containing drug complex has the

pronounced capacity to inhibit c-myc transcription via binding to

the c-myc promoter region.

In early studies, complexes of the structurally related DNA-

binding anticancer antibiotics with metals have been tested to

amplify their potential in cancer therapy [49,50]. For example,

doxorubicin, one of the best known anticancer drugs, has been

tested regarding its mode of complexation with a number of metal

ions, such as Pt(II), Fe(III) and Cu(II), to determine its effects on

tumor cells [10]. Here, we found that changes in the divalent metal

ions in the dimeric Chro complexes have been correlated with

improved anticancer profiles. By comparing the cytotoxicities of

CoII(Chro)2, FeII(Chro)2, and NiII(Chro)2 toward several cancer

cell lines, our studies concluded that Chro in the presence of Ni(II)

exhibited more potential antitumor activities than did CoII(Chro)2
and FeII(Chro)2, due to its higher DNA-acting efficacy. The

availability of new metal derivatives of Chro with improved

pharmacological profiles may introduce new possibilities for

exploiting the unique properties of this class of compounds for

therapeutic applications. In summary, our results may provide

important insights into the properties of stable dimeric complexes

containing Chro chelated by divalent metal ions that may be

applied to cancer therapy in the future.

Supporting Information

Figure S1 The schematic structure of divalent metal ion
(M2+)-coordinated dimeric complex of Chro. Divalent

metal ion (M2+) is octahedrally coordinated to two oxygen atoms

of both chromophore, while two water molecules act as fifth and

sixth ligands.

(TIF)

Figure S2 The integrity of the dimeric conformations of
FeII(Chro)2, CoII(Chro)2, and NiII(Chro)2 at various
temperatures. The CD spectra of (A) FeII(Chro)2, (B)

CoII(Chro)2, and (C) NiII(Chro)2 in a 20 mM Tris-HCl buffer

(pH 7.3) at 20, 40, 60uC.

(TIF)

Acknowledgments

We thank Drs. Andrew H.-J. Wang and Lou-Sing Kan (Academia Sinica)

for their help in making this research possible.

Author Contributions

Conceived and designed the experiments: M-HH. Performed the

experiments: C-WH. Analyzed the data: M-HH C-WH W-LW. Contrib-

uted reagents/materials/analysis tools: S-MC. Wrote the paper: M-HH.

References

1. Slavik M, Carter SK (1975) Chromomycin A3, mithramycin, and olivomycin:

antitumor antibiotics of related structure. Adv Pharmacol Chemother 12: 1–30.
2. Foley JF, Lemon HM, Miller DM, Kessinger A (1972) The treatment of

metastatic testicular tumors. J Urol 108: 439–442.

3. Du Priest RW, Fletcher WS (1973) Chemotherapy of testicular germinal tumors.
Oncology 28: 147–163.

4. Hou MH, Lu WJ, Lin HY, Yuann JM (2008) Studies of sequence-specific DNA
binding, DNA cleavage, and topoisomerase I inhibition by the dimeric

chromomycin A3 complexed with Fe(II). Biochemistry 47: 5493–5502.

5. Zajac AJ, Phillips PE (1985) Paget’s disease of bone: clinical features and
treatment. Clin Exp Rheumatol 3: 75–88.

6. Zihlif M, Catchpoole DR, Stewart BW, Wakelin LP (2010) Effects of DNA
minor groove binding agents on global gene expression. Cancer Genomics

Proteomics 7: 323–330.
7. Bianchi N, Rutigliano C, Passadore M, Tomassetti M, Pippo L, et al. (1997)

Targeting of the HIV-1 long terminal repeat with chromomycin potentiates the

inhibitory effects of a triplex-forming oligonucleotide on Sp1-DNA interactions
and in vitro transcription. Biochem J 326 (Pt 3): 919–927.

8. Chatterjee S, Zaman K, Ryu H, Conforto A, Ratan RR (2001) Sequence-
selective DNA binding drugs mithramycin A and chromomycin A3 are potent

inhibitors of neuronal apoptosis induced by oxidative stress and DNA damage in

cortical neurons. Ann Neurol 49: 345–354.

9. Bianchi N, Osti F, Rutigliano C, Corradini FG, Borsetti E, et al. (1999) The

DNA-binding drugs mithramycin and chromomycin are powerful inducers of
erythroid differentiation of human K562 cells. Br J Haematol 104: 258–265.

10. Ming LJ (2003) Structure and function of ‘‘metalloantibiotics’’. Med Res Rev 23:

697–762.
11. Chakrabarti S, Aich P, Sarker D, Bhattacharyya D, Dasgupta D (2000) Role of

Mg2+ in the interaction of anticancer antibiotic, chromomycin A3 with DNA:
does neutral antibiotic bind DNA in absence of the metal ion? J Biomol Struct

Dyn 18: 209–218.

12. Aich P, Sen R, Dasgupta D (1992) Role of magnesium ion in the interaction
between chromomycin A3 and DNA: binding of chromomycin A3-Mg2+
complexes with DNA. Biochemistry 31: 2988–2997.

13. Devi PG, Pal S, Banerjee R, Dasgupta D (2007) Association of antitumor

antibiotics, mithramycin and chromomycin, with Zn(II). J Inorg Biochem 101:
127–137.

14. Sastry M, Patel DJ (1993) Solution structure of the mithramycin dimer-DNA

complex. Biochemistry 32: 6588–6604.
15. Sastry M, Fiala R, Patel DJ (1995) Solution structure of mithramycin dimers

bound to partially overlapping sites on DNA. J Mol Biol 251: 674–689.
16. Gochin M (2000) A high-resolution structure of a DNA-chromomycin-Co(II)

complex determined from pseudocontact shifts in nuclear magnetic resonance.

Structure Fold Des 8: 441–452.

DNA-Acting Characterization of Metal(II)-(Chro)2

PLOS ONE | www.plosone.org 9 September 2012 | Volume 7 | Issue 9 | e43792



17. Gao XL, Mirau P, Patel DJ (1992) Structure refinement of the chromomycin

dimer-DNA oligomer complex in solution. J Mol Biol 223: 259–279.
18. Keniry MA, Banville DL, Simmonds PM, Shafer R (1993) Nuclear magnetic

resonance comparison of the binding sites of mithramycin and chromomycin on

the self-complementary oligonucleotide d(ACCCGGGT)2. Evidence that the
saccharide chains have a role in sequence specificity. J Mol Biol 231: 753–767.

19. Hou MH, Robinson H, Gao YG, Wang AH (2004) Crystal structure of the
[Mg2+-(chromomycin A3)2]-d(TTGGCCAA)2 complex reveals GGCC binding

specificity of the drug dimer chelated by a metal ion. Nucleic Acids Res 32:

2214–2222.
20. Itzhaki L, Weinberger S, Livnah N, Berman E (1990) A unique binding cavity

for divalent cations in the DNA-metal-chromomycin A3 complex. Biopolymers
29: 481–489.

21. Lu WJ, Wang HM, Yuann JM, Huang CY, Hou MH (2009) The impact of
spermine competition on the efficacy of DNA-binding Fe(II), Co(II), and Cu(II)

complexes of dimeric chromomycin A(3). J Inorg Biochem 103: 1626–1633.

22. Majee S, Sen R, Guha S, Bhattacharyya D, Dasgupta D (1997) Differential
interactions of the Mg2+ complexes of chromomycin A3 and mithramycin with

poly(dG-dC) x poly(dC-dG) and poly(dG) x poly(dC). Biochemistry 36: 2291–
2299.

23. Cantor CR, Tinoco I (1965) Absorption and optical rotatory dispersion of seven

trinucleoside diphosphates. J Mol Biol 13: 65–77.
24. Hou MH, Wang AH (2005) Mithramycin forms a stable dimeric complex by

chelating with Fe(II): DNA-interacting characteristics, cellular permeation and
cytotoxicity. Nucleic Acids Res 33: 1352–1361.

25. Chang YM, Chen CM, Hou MH (2012) Conformational Changes in DNA upon
Ligand Binding Monitored by Circular Dichroism. International Journal of

Molecular Sciences 13: 3394–3413.

26. Yuann JM, Tseng WH, Lin HY, Hou MH (2012) The effects of loop size on
Sac7d-hairpin DNA interactions. Biochim Biophys Acta 1824: 1009–1015.

27. Marky LA, Breslauer KJ (1987) Calculating thermodynamic data for transitions
of any molecularity from equilibrium melting curves. Biopolymers 26: 1601–

1620.

28. Hou MH, Lin SB, Yuann JM, Lin WC, Wang AH, et al. (2001) Effects of
polyamines on the thermal stability and formation kinetics of DNA duplexes

with abnormal structure. Nucleic Acids Res 29: 5121–5128.
29. Shiraishi H, Kataoka M, Morita Y, Umemoto J (1993) Interactions of hydroxyl

radicals with tris (hydroxymethyl) aminomethane and Good’s buffers containing
hydroxymethyl or hydroxyethyl residues produce formaldehyde. Free Radic Res

Commun 19: 315–321.

30. Cons BM, Fox KR (1989) Interaction of mithramycin with metal ions and DNA.
Biochem Biophys Res Commun 160: 517–524.

31. Huang HW, Li D, Cowan JA (1995) Biostructural chemistry of magnesium.
regulation of mithramycin-DNA interactions by Mg2+ coordination. Biochimie

77: 729–738.

32. Song YM, Wu Q, Yang PJ, Luan NN, Wang LF, et al. (2006) DNA Binding and
cleavage activity of Ni(II) complex with all-trans retinoic acid. J Inorg Biochem

100: 1685–1691.
33. Piestrzeniewicz M, Studzian K, Wilmanska D, Plucienniczak G, Gniazdowski M

(1998) Effect of DNA-interacting drugs on phage T7 RNA polymerase. Acta
Biochim Pol 45: 127–132.

34. Gambari R, Feriotto G, Rutigliano C, Bianchi N, Mischiati C (2000) Biospecific

interaction analysis (BIA) of low-molecular weight DNA-binding drugs.

J Pharmacol Exp Ther 294: 370–377.

35. Scott D, Rohr J, Bae Y (2011) Nanoparticulate formulations of mithramycin

analogs for enhanced cytotoxicity. Int J Nanomedicine 6: 2757–2767.

36. Seznec J, Silkenstedt B, Naumann U (2011) Therapeutic effects of the Sp1

inhibitor mithramycin A in glioblastoma. J Neurooncol 101: 365–377.

37. Remsing LL, Bahadori HR, Carbone GM, McGuffie EM, Catapano CV, et al.

(2003) Inhibition of c-src transcription by mithramycin: structure-activity

relationships of biosynthetically produced mithramycin analogues using the c-

src promoter as target. Biochemistry 42: 8313–8324.

38. Gao Y, Jia Z, Kong X, Li Q, Chang DZ, et al. (2011) Combining betulinic acid

and mithramycin a effectively suppresses pancreatic cancer by inhibiting

proliferation, invasion, and angiogenesis. Cancer Res 71: 5182–5193.

39. Barcelo F, Ortiz-Lombardia M, Martorell M, Oliver M, Mendez C, et al. (2010)

DNA binding characteristics of mithramycin and chromomycin analogues

obtained by combinatorial biosynthesis. Biochemistry 49: 10543–10552.

40. Lahiri S, Takao T, Devi PG, Ghosh S, Ghosh A, et al. (2012) Association of

aureolic acid antibiotic, chromomycin A3 with Cu(2+) and its negative effect

upon DNA binding property of the antibiotic. Biometals 25: 435–450.

41. Hou MH, Lu WJ, Huang CY, Fan RJ, Yuann JM (2009) Effects of polyamines

on the DNA-reactive properties of dimeric mithramycin complexed with

cobalt(II): implications for anticancer therapy. Biochemistry 48: 4691–4698.

42. Lai MM (2001) RNA polymerase as an antiviral target of hepatitis C virus.

Antivir Chem Chemother 12 Suppl 1: 143–147.

43. Merkel O, Wacht N, Sifft E, Melchardt T, Hamacher F, et al. (2012)

Actinomycin D induces p53-independent cell death and prolongs survival in

high-risk chronic lymphocytic leukemia. Leukemia.

44. White RJ, Phillips DR (1989) Sequence-dependent termination of bacteriophage

T7 transcription in vitro by DNA-binding drugs. Biochemistry 28: 4277–4283.

45. Reusser F (1975) Steffimycin B, a DNA binding agent. Biochim Biophys Acta

383: 266–273.

46. Safe S, Abdelrahim M (2005) Sp transcription factor family and its role in

cancer. Eur J Cancer 41: 2438–2448.

47. Campbell VW, Davin D, Thomas S, Jones D, Roesel J, et al. (1994) The G-C

specific DNA binding drug, mithramycin, selectively inhibits transcription of the

C-MYC and C-HA-RAS genes in regenerating liver. Am J Med Sci 307: 167–

172.

48. Hardenbol P, Van Dyke MW (1992) In vitro inhibition of c-myc transcription by

mithramycin. Biochem Biophys Res Commun 185: 553–558.

49. Rey NA, Neves A, Silva PP, Paula FC, Silveira JN, et al. (2009) A synthetic

dinuclear copper(II) hydrolase and its potential as antitumoral: cytotoxicity,

cellular uptake, and DNA cleavage. J Inorg Biochem 103: 1323–1330.

50. Wang HF, Shen R, Tang N (2009) Synthesis and characterization of the Zn(II)

and Cu(II) piperidinyl isoeuxanthone complexes: DNA-binding and cytotoxic

activity. Eur J Med Chem 44: 4509–4515.

51. Chen S, Zhang Y, Hecht SM (2011) p-Thiophenylalanine-induced DNA

cleavage and religation activity of a modified vaccinia topoisomerase IB.

Biochemistry 50: 9340–9351.

DNA-Acting Characterization of Metal(II)-(Chro)2

PLOS ONE | www.plosone.org 10 September 2012 | Volume 7 | Issue 9 | e43792


