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Abstract

The DNA binding properties of three cation-substituted anthrapyrazole derivatives of emodin with calf thymus DNA were characterized by
spectroscopic methods and the specific binding modes were elucidated. At low drug and high DNA concentrations, compound 1 with a mono-
cationic amino side chain exhibited an intercalative binding mode, 2 with a much longer and more flexible di-cationic side chain exhibited an
external binding mode, and 3 with a rigid di-cationic side chain exhibited both intercalative and external binding modes. The DNA binding mode
of compounds was altered after structural modification. The molecular structure—DNA binding relationships found from this study may be

useful for the design of anthrapyrazole derivatives with desired binding characteristics.

© 2007 Elsevier Masson SAS. All rights reserved.
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1. Introduction

The interaction of small molecules with DNA plays an
important role in many biological processes. DNA is the
molecular target of many anticancer drugs in clinical use
and development. In general, most drugs have three distinct
modes of non-covalent interaction with DNA, intercalative
association in which a planar, aromatic moiety slides be-
tween the DNA base pairs, DNA groove binding through
a combination of hydrophobic, electrostatic, and hydrogen-
bonding interactions, and external binding by electrostatic
attraction [1,2]. Their associative interactions with the
DNA molecule can cause dramatic changes in the physio-
logical functions of DNA [3—5]. Therefore, understanding
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the interactions of small molecules with DNA is of signifi-
cance in the rational design of more powerful and selective
anticancer agents. This can be achieved by systematically
modifying the structural features of the lead compound,
and analyzing the subsequent changes in the DNA binding
properties [6—8].

Anthrapyrazoles (APs), or anthraquinones bearing a pyra-
zole ring, represent a class of potential anticancer drugs,
some of which have demonstrated clinical efficacy for the
treatment of breast cancer [9,10]. We have recently synthe-
sized a series of new anthrapyrazole derivatives from emodin
with various cationic alkyl amino side chains attached to the
pyrazole ring [11]. These emodin-derived anthrapyrazoles
showed much stronger binding affinity to calf thymus DNA
and cytotoxicity against several tumor cell lines than emodin.
This study was to characterize the specific DNA binding
modes of these anthropyrazoles so as to gain better under-
standing of their interactions with the DNA molecule and their
cytotoxic activities.
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2. Experimental
2.1. Materials

Three cation-substituted anthrapyrazole derivatives 1—3
(Fig. 1) were chosen for the DNA binding mode studies, which
were prepared as described previously [11] (1, 2 and 3 here
correspond to 7, 10 and 13 in previous study, respectively).
All chemicals were of analytical grade, and used without fur-
ther purification. The sodium phosphate buffer (pH 6.3,
10 mM NaH,PO,—Na,HPO,, 100 mM NaCl) used in all ex-
periments was prepared with double distilled deionized water.
The calf thymus (CT) DNA (Sigma, St Louis, MO) was dis-
solved in double distilled deionized water with 50 mM
NaCl, and dialyzed against a buffer solution for 2 days. The
DNA concentration was determined by absorption spectrome-
try at 260nm using a molar extinction coefficient
6600 M~' cm ™. The ratio Areo/Azgo > 1.80 was used as an in-
dication of a protein-free DNA. The DNA solution was stored
for a short period of time at 4 °C if not used immediately [12].

2.2. Methods

The following spectrometric measurements were all per-
formed at 20 °C in a quartz cuvette of 1 cm path length, and
the sample solution was stirred for 5 min before hand.

2.2.1. Absorption titration and ligand self-association
measurement

Absorption titration was performed at a fixed drug concen-
tration (20 uM) with various concentrations (0—135 uM) of
CT DNA. The absorption spectra were recorded on a Shimadzu
UV-2501 spectrophotometer. The absorption parameters, in-
cluding red shift, hypochromicity and isosbestic point were
found from the absorption spectra. For the ligand self-association
measurement, selected volumes of a concentrated drug solu-
tion were added into the sodium phosphate buffer to generate
a range of concentrations from 1 to 225 pM. The parameters
derived from the absorption spectra were used to calculate
the apparent molar extinction coefficients.

2.2.2. Ethidium bromide displacement measurement

Small aliquots of a concentrated drug solution were added into
a solution of CT DNA (2 uM) and ethidium bromide (EB, 2.5 uM)
at various final concentrations (0—54 uM). The corresponding

fluorescence spectra were recorded at Ex 546 nm and Ex/Em
10 nm/10 nm on a Shimadzu RF-5301PC fluorescence spectro-
photometer. The drug concentration required to reduce the relative
fluorescence by 50% was derived from the plot of relative fluores-
cence at Em 595 nm versus drug dose.

2.2.3. Circular dichroism titration

Circular dichroism (CD) spectra were recorded on a Jasco
J-810 spectropolarimeter and with the JASCO software. CD ti-
tration was first performed at a fixed CT DNA concentration
(200 uM) with various concentrations (0—66 uM) of the drugs
using the instrument parameters of 220—650 nm wavelength,
1 nm bandwidth, 100 millidegree sensitivity, and 1 s response
time, with an average of four scans. Then, the induced CD
(ICD) spectra were recorded at 200 pM drug and 1000 pM
DNA in the range of 350—550 nm at 1 nm bandwidth, 5 mil-
lidegree sensitivity, and 4 s response time with an average of
eight scans.

3. Results and discussion

3.1. DNA binding properties based on absorption
titration

Fig. 2 shows the absorption spectra of compounds (20 pM)
at 0—135 uM CT DNA concentrations; Table 1 summarizes
the corresponding absorption parameters. Both 1 and 3 bound
with CT DNA exhibited marked hypochromicity and red
shifts, with the maxima at 457 nm for 1 (22%, 10 nm), and
at 463 nm for 3 (21%, 7 nm). Clear isosbestic points were
also observed in both the spectra at 487 nm for 1 and at
499 nm for 3. The overall spectral changes with hypochromic-
ity, red shift and isosbestic point induced by binding planar
polyaromatic drugs to DNA are suggestive of intercalative
association as a major binding mode [13,14]. The designation
of intercalative binding mode to these two compounds will be
further discussed below.

In contrast, the absorption spectra of 2 at various DNA con-
centrations exhibited moderate hypochromicity (16%) but in-
significant red shift (3 nm) and no clear isosbestic point.
This compound may assume a different DNA binding mode
from that of the other two. The hypochromicity in the absorp-
tion spectra is mostly attributed to the interaction between the
electronic states of the compound chromophore and those of
the DNA bases [13]. On the other hand, the red shift is
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Fig. 1. Molecular structures of anthrapyrazole derivatives from emodin.
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Fig. 2. Absorption titration of 1—3 (20 uM) at increasing CT DNA concentra-
tion (arrow: 0—165 pM).

associated with a decrease in the energy gap between the high-
est and the lowest occupied molecular orbitals (HOMO and
LUMO) when the drug compound binds to DNA [15,16].
The lack of hypochromicity and red shift in 2 revealed its dis-
tinct chromophore environment in the drug—DNA complex
compared to 1 and 3. Moreover, clear isosbestic points in 1
and 3 indicate that there are at least two spectroscopically dis-
tinct chromophores (free and bound) in the solution [8,17,18].
The lack of an isosbestic point in 2 may suggest that its chro-
mophore environment was not altered after the interaction

Table 1

Photometric properties of 1—3 in contact with CT DNA

Compound A« (nm) Red shift Hypochromicity Isosbestic Cso (M)
(nm) (%) point (nm)

1 457 10 22 487 12

2 466 3 16 None 21

3 463 7 21 499 14

with DNA. In other words, intercalation may be ruled out as
a major binding mode of 2 with the DNA.

3.2. Ethidium bromide displacement characteristics

Fig. 3 shows the relative fluorescence intensity (FI; /1) of
EB versus the concentration of 1—3. The Cs5q values (concen-
tration of the compound that causes a 50% reduction in the
fluorescence of the calf thymus DNA—Ethidium bromide
complex) are summarized in Table 1. The results show that
the displacement of EB by 1 and 3 was much more effective
than 2. Ethidium bromide (EB) is a classical DNA intercala-
tive agent which emits intense fluorescence after binding to
the DNA. The fluorescence quenched by a compound added
to the EB—DNA mixture solution is proportional to the
amount of EB replaced by the compound which binds to the
DNA in different binding modes [19—22]. Anthrapyrazole de-
rivatives 1—3 possessed the same chromophore but different
amino side chains as the regulative element. Therefore, the
more effective EB displacement by 1 and 3 may be associated
with their intercalative DNA binding mode, and the less effec-
tive EB displacement by 2 may be due to its lack of this bind-
ing mode, as proposed in last section.

3.3. Circular dichroism characteristics

Fig. 4a shows the CD spectra at a fixed CT DNA concen-
tration (200 uM) and with increasing concentration of 1-3
from O to 66 pM ([DNA]/[drug] > 3 for all). In the absence
of a drug, the CD spectrum of CT DNA was of the typical
B-form, with a positive Cotton effect near 277 nm due to
base stacking and a negative Cotton effect near 245 nm due
to polynucleotide helicity [23,24]. The ellipticity intensity of
compounds 1—3 at 245 nm (Fig. 4b) decreased but that at
277 nm (Fig. 4c) increased with the increase in the drug con-
centration. The similar declining trend of ellipticity intensity
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Fig. 3. Relative fluorescence intensity decrease of EB (2.5 uM) induced by the
competitive binding of 1-3 (0—54 uM) to CT DNA (2.0 uM).
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Fig. 4. CD titration spectra of CT DNA (200 pM) at increasing drug concentration (arrow: 0—66 uM; [DNA]/[drug] > 3) (a), and the corresponding ellipticity

intensities at 245 nm (b), and 277 nm (c).

versus concentration at 245 nm with all three compounds is
suggestive of their similar ability in inducing helix helicity.
On the other hand, the ellipticity intensity at 277 nm increased
much more significantly with the progressive addition of 1
than with 2 and 3, which is suggestive of a much stronger
intercalative binding of 1 to the DNA than the other two
compounds. Furthermore, the dramatic ellipticity intensity
increase with 1 at 277 nm may be associated with a reduced
DNA winding angle as previous studies have shown an inverse
correlation of the intensity at 277 nm with the DNA winding

angle [25,26]. This is in accordance with the intercalative
binding mode that the winding angle is reduced by the ligand
chromophore inserted into two adjacent base pairs of the DNA
[14,27]. On the other hand, the addition of 2 resulted in little
increase in the ellipticity intensity at 277 nm, which is again
consistent with its lack of intercalative interaction with the
DNA as observed in the above two sections. Furthermore, 3
caused a slight and gradual increase in the ellipticity intensity
at 277 nm with a moderate red shift, suggesting that 3 had
a mixed effect of 1 and 2 on the DNA conformation.
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The presence of a clear isoelliptic point at 269 nm for 1 and
at 231 nm for 2 in the CD spectra suggests that 1 and 2 formed
two different drug—DNA complexes with different binding ge-
ometry [28]. On the other hand, the presence of two isoelliptic
points at 271 nm and 231 nm in the CD titration spectra of 3
suggests that 3 had a mixed binding mode of 1 and 2.

34. ICD characteristics

Further evidence for the binding modes of 1—3 was attained
from the induced CD spectra in the range of 350—550 nm
corresponding to the anthrapyrazole chromophore (Fig. 5).
Although these compounds are achiral molecules, they
displayed the ICD signal after forming complexes with the
DNA whose characteristics were dependent on the position
and the orientation with respect to the polynucleotide bases.
The compound 1—CT DNA complex exhibited a relatively
strong positive ICD band. The positive ICD spectrum in this re-
gion is characteristic of the intercalated chromophore with the
anthrapyrazole moiety aligning perpendicularly to the long
axis of the DNA base pairs [16,29]. The compound 2—CT
DNA complex exhibited a weaker and biphasic ICD signal.
The biphasic shape of the CD spectrum, i.e. a negative band
at lower wavelengths and a positive band at higher wavelengths,
is characteristic of chromophores with a right-hand orientation
[30]. The exciton CD observed in the drug absorption region is
generally viewed as a case of groove binding or external stack-
ing with the formation of ligand dimers (or higher order com-
plexes) in the drug—DNA complexes [31,32]. However, the
groove binding mode should be ruled out for 2 based on the fol-
lowing considerations. First of all, the Induced CD by groove
binding usually has a positive signal and is much stronger
than those induced by other binding modes. Secondly, in the
above absorption and CD titration we have proved that 2 mixed
with CT DNA still had a relatively free chromophore not inter-
fering with the DNA helix. This situation is more consistent
with an external binding mode. Thirdly, 2 may be too bulky
and positively charged to lie in the grooves of DNA. Moreover,
2 does not have the structural features of the groove binders
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Fig. 5. ICD spectra of 1—3 (200 uM) in contact with CT DNA (1000 uM).

reported previously [7]. As a dimeric molecule, 2 has four cat-
ionic centers with long and flexible side chains which obstruct
the chromophore from accessing the DNA base pairs but favor
external binding through electrostatic attraction. The 3—CT
DNA complex exhibited an ICD signal level between that of
1 and 2 and a zero ICD signal in the range of 430—445 nm,
which suggests a mixed binding mode for 3.

3.5. Ligand self-association ability

Ligand self-association, the formation of dimers or higher-
order polymeric structures often occurs with planar aromatic
drugs including anthrapyrazoles at high ligand concentrations
[33,34]. To examine the dimer-forming abilities of 1—3 rele-
vant to their DNA binding modes found in the ICD character-
istics, we measured the molar extinction coefficient e,p, of the
compounds at their A, at various concentrations (Fig. 6). The
coefficient ¢,p,, of 1 increased gradually from a low drug con-
centration to a maximum and then decreased gradually with
further increase in the concentration; the coefficients of 2
and 3 increased more sharply to a peak with the drug con-
centration from a very low level and then dropped rapidly.
According to previous studies [35,36], the low &,,, values of
1-3 at 1 uM, approximately 5000, are suggestive of the com-
pounds existing as monomeric species, and the gradual
decrease of their e,p, values at 30 uM or higher is suggestive
of homologous dimers. In the concentration range from 1 uM
to 30 uM, the compounds are in the transition region from
monomer to dimer form. The different trends of &,,, versus
the drug concentration with the compounds in this region
are indicative of their different manners of ligand self-
association. It is generally believed that the decreasing e,p,
at increasing drug concentration is the characteristic of the
dimer species [33,35]. According to this hypothesis, 2 and 3
started to form dimers at a concentration of about 2 uM which
is much lower than that of 1 (30 puM).

The results here show a higher degree of ligand self-associ-
ation in the di-cationic compounds 2 and 3 than in 1. In

8000
T Y
7500 - —=1
—o— 2
—A—3
__ 7000 .o
< \ \x
£ - ——
o 6500
Vi :\.*k
= ~— p
~ _ ~
% 6000 - _/'/ '\:.:L'
././ .\l
5500 /
5000
T T T T T T T T T T T
-6.0 -5.5 -5.0 -4.5 -4.0 -3.5

log Ccompound

Fig. 6. Concentration dependence of the molar extinction coefficients with free
1-3 (1 pM—225 pM) at their respective Ap,x (457 nm for 1, 466 nm for 2 and
463 nm for 3 as shown in Table 1).
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compound 1, the dimeric nature can be quenched when it is
intercalated into the DNA macromolecule. In compound 2,
however, its long and flexible cationic side chains are favor-
able for external binding, as discussed in last section. With
the ligand self-association ability, the drug molecules may
bind on the surface of DNA, can attract other drug molecules
in the solution and, subsequently, assemble into dimers or
higher orders of complexes on the DNA surface. Moreover,
as a dimer, compound 2 possess more cationic centers which
help to stabilize the drug—DNA complex. These two features
of compound 2 also favor the external binding with outside
stacking. Compound 3 also has similar features. Therefore,
compounds 2 and 3 may facilitate the external binding with
outside stacking due to their structural features and stronger
ligand self-association ability.

3.6. DNA binding mode and cytotoxicity

Drugs can interact with DNA through intercalative associ-
ation and binding locations, which may cause conformational
changes in the regular helical structure, unwinding the DNA at
the binding site and interfering with the function of DNA bind-
ing enzymes such as DNA topoisomerases and DNA polymer-
ases [4]. The inhibition of topoisomerase II has been
recognized as a general mechanism of action for the antitumor
and cytotoxic effects of DNA intercalators [6]. In our previous
study [11], compound 1 exhibited the most potent cytotoxicity
against three different tumor cell lines with the lowest ICsq
values among the three compounds examined in this study
(Table 2). Since compounds 1 and 3 had the similar DNA
binding affinity according to their similar K; values, the stron-
ger cytotoxicity of 1 may be partially attributed to its stronger
intercalative DNA binding property than 3. On the other hand,
the generally lower cytotoxicity of compound 2 than both 1
and 3 may be partially attributed to its external binding with
outside stacking and lack of ability in stabilizing the DNA—
intercalator—topoisomerase ternary complex. Therefore, strong
intercalative binding with DNA may be an important consider-
ation in the design and synthesis of cation-substituted anthra-
pyrazoles for anticancer agents.

4. Conclusion

The DNA binding modes of three cation-substituted anthra-
pyrazoles derived from emodin have been elucidated based on
spectroscopic studies. The different binding modes of the

Table 2

Binding constants (K;) of emodin and compounds 1—3 with CT DNA and their
IC5q cytotoxicity values (uM) against three tumor cell lines (B16 — mouse
melanoma, HepG2 — human hepatocellular carcinoma, LLC — Lewis lung
carcinoma) [11]

Compound K; (x107°M™h B16 HepG2 LLC
Emodin 0.68 >100 55.1 >100

1 5.52 3.6 49 4.5
2 2.53 10.1 37.6 12.8
3 6.98 20.1 72 8.9

compounds may be attributed to their difference in the side
chain flexibility and charge density. Compound 1 with
a mono-cationic side chain was assigned intercalative binding
mode; compound 2 with a long and flexible side chain and two
adjacent cationic centers was assigned external binding mode;
compound 3 with a rigid di-cationic side chain appeared to
have multiple binding modes including intercalative as major
and external binding as minor mode according to its interme-
diate spectral features between 1 and 2. The molecular
structure—DNA binding relationships found from this study
will be useful for designing anthrapyrazole derivatives with
desired binding characteristics.
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