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In this study, the interactions of two benzoxanthones 1,3-dihydroxy-12H-benzo[b]xanthen-12-one (1) and
9,11-dihydroxy-12H-benzo[a]xanthen-12-one (2) with calf thymus DNA (ct DNA) have been investigated by ab-
sorption spectroscopy, fluorescence spectroscopy, circular dichroism spectroscopy and viscosity measurements.
Experimental results suggested an intercalative mode with DNA for the two compounds; Furthermore, the bind-
ing affinity with DNA of 1 bearing linearly fused aromatic rings was higher than that of 2 bearing angularly
fused aromatic rings according to the calculated binding constant values. In addition, three cell lines, the human
cervical cancer cell line (HeLa), human hepatocellular liver carcinoma cell line (HepG2) and human normal
liver cell line (L02) were used to evaluate the cytotoxic activities of the two benzoxanthones in vitro. As the re-
sults, they showed significant cytotoxic activity against the tumor cell lines HeLa and HepG2, but weak cytotoxic

activity against normal liver cell line L02.
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Natural products play a major role in anticancer drug
discovery as a unique source of original structures which
can provide models for future drug design. Xanthone com-
pounds, secondary metabolites from higher plants and mi-
croorganisms, have very diverse biological profiles including
anti-hypertensive, anti-oxidative, anti-thrombotic, and anti-
cancer activity, based on their diverse structures.'” During
the past several years, the xanthone template has generated a
growing interest in the search for new antitumor agents.®)
The preliminary work has highlighted the high potentials of
xanthones as a promising building motif for the development
of a new class of potent anticancer drugs.

Numerous biological experiments have demonstrated that
DNA is one of the primary intracellular targets of anti-cancer
drugs due to the interaction of small molecules with DNA,
which cause DNA damage in cancer cells, block the division
of cancer cells and result in cell death.” Up to now, few sys-
tematic studies of the interaction of xanthones and their de-
rivatives with DNA have been reported.'®'? However, their
structure—activity relationships remain unestablished in the
xanthones system. Benzoxanthones having four extended and
conjugated fused rings may be viewed as flavone derivatives
in which the phenyl group is fused with two aromatic rings.
The structural features inherent in benzoxanthones, makes us
aware that the conjugated 7m-systems in benzoxanthones may
contribute significantly to the biological activity. The primary
aim of this work was to gain some insight into the effect of
structural factor in benzoxanthones on the probable binding
mode and binding affinity toward DNA.

In this work, the binding mode on the interactions of two
benzoxanthones 1,3-dihydroxy-12H-benzo[b]xanthen-12-one
(1) and 9,11-dihydroxy-12H-benzo[a]xanthen-12-one (2)
(shown in Fig. 1) with DNA was investigated by different
kinds of spectrophotometric methods and viscosity measure-
ments. The studies suggest that intercalative binding mode
appears to be acceptable. In addition, the benzoxanthones
were evaluated for cytotoxic activities toward human cervical
cancer cell line (HeLa), human hepatocellular liver carci-

* To whom correspondence should be addressed. e-mail: tangn@lzu.edu.cn

benzoxanthone; DNA-binding; intercalative mode; cytotoxic activity

noma cell (HepG2) and human normal liver cell line (L02)
by acid phosphatase assay.

Experimental

Materials The benzoxanthones 1 and 2 were prepared according to the
literatures'*—'> with some improvement. Calf thymus DNA (ct DNA) and
ethidium bromide (EB) were obtained from Sigma Chemical Co. All the
measurements were carried out in doubly distilled water buffer containing
Smwm Tris and 50 mm NaCl, and adjusted to pH 7.4 with hydrochloric acid.
The concentration of DNA solution was determined from UV absorption at
260 nm using a molar absorption coefficient £,,,=6600mol ' cm™'. Purity
of the DNA was checked by monitoring the ratio of the absorbance at
260 nm to that at 280 nm. The solution gave a ratio of A,4,/4,5,>>1.80, indi-
cating that DNA was sufficiently free from protein.!®!?

Physical Measurements The UV-Vis absorption measurements were
conducted by using a Varian Cary 100 spectrophotometer equipped with
quartz cells. All fluorescence emission spectra were measured using a Hi-
tachi F-4500 spectrofluorophotometer equipped with a xenon lamp source
and a quartz cell of 1 cm path length. Viscosity experiments were carried out
on an Ubbelodhe viscometer. The circular dichroism (CD) spectra were
recorded on a Jasco J-810 spectropolarimeter.

Methods Absorption titration experiments were performed by fixing
concentrations of 1 and 2 as constant at 10 um while varying the concentra-
tion of ct DNA. The absorption spectra changes of DNA were studied by fix-
ing concentrations of DNA as constant at 100 um while varying the concen-
tration of 1 and 2.

Fluorescence spectra of the competitive binding experiments were carried
out by maintaining the EB and ct DNA concentration at 3 um and 30 um, re-
spectively, while increasing the concentrations of the compounds. Fitting
was completed using an Origin 6.0 spreadsheet, where values of the binding
constants K, were calculated.

Viscosity experiments were carried out on an Ubbelodhe viscometer, im-
mersed in a thermostated water-bath maintained at 25.0+0.1 °C. Titrations
were performed for the compounds (1—6 M), and each compound was in-
troduced into DNA solution (50 um) present in the viscometer. Flow time
was measured with a digital stopwatch and each sample was measured three
times and an average flow time was calculated. Data were presented as

O OH O O OH

1,3-dihydroxy-12H-benzo[b]xanthen-12-one 9,11-dihydroxy-12H-benzo[a]xanthen-12-one
1 2

Fig. 1. The Structures of Benzoxanthones 1 and 2
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(1/n,)"* versus the ratio of the concentration of the compound and DNA,
where 7 is the viscosity of DNA in the presence of compound, and 7, is the
viscosity of DNA alone. Viscosity values were calculated from the observed
flow time of DNA-containing solution corrected from the flow time of buffer
alone (t,), n=t—t,.'%1"

The CD spectra of DNA were recorded on a Jasco J-810 spectropolarime-
ter at 25.0+0.1 °C. Calf thymus DNA used were 200 ym in concentration
and compounds solutions was added to a ratio of 1:1 (DNA/compound).
Each sample solution was scanned in the range of 200—350 nm. CD spec-
trum was generated which represented the average of three scans from which
the buffer background had been subtracted.

Acid Phosphatase Assay The reagent, p-nitrophenyl phosphate (p-
NPP), was obtained from Amresco. The compounds synthesized were dis-
solved in dimethyl sulphoxide (DMSO) and diluted in culture medium. The
final concentration of DMSO in cultures was always not exceeding 0.5%
(v/v), which did not cause toxicity. The HeLa, HepG2 and L02 cells ob-
tained from ATCC were maintained in Dulbecco’s modified Eagle’s medium
(DMEM medium) with 10% FBS, 100 U/ml penicillin and 100 mg/ml strep-
tomycin. Cells were cultured at 37 °C in a humidified atmosphere of 5% CO,
in air.

Three different cell lines, uterine cervix carcinoma cell (HeLa), human
hepatocellular liver carcinoma cell (HepG2) and human liver cell (L02) were
plated in 96-well plates. The adherent cells, HeLa, HepG2 and L02 were
plated at a density of 5X10* cells/ml, and then treated with varied concen-
tration (10, 50, 100, 200, 300 um) of the compounds. The culture
medium was removed from the plates after 24, 48 and 72 h of culture, and
each well was washed once with 200 ul phosphate-buffered saline (PBS,
pH=7.2). To each well, 100 ul of buffer containing 0.1 M sodium acetate
(pH=5.0), 0.1% Triton X-100, and 5mm p-NPP was added. The reaction
was stopped with the addition of 10 ul of 1M NaOH, and color develop-
ment was assayed at 405 nm using a microplate reader (Victor® 1420-050).
The nonenzymatic hydrolysis of the p-NPP substrate was determined
for each assay by including wells that did not contain cells as blank wells.
Cell survival was expressed as an absorbance (4) percentage defined by
“ /A % 100).

drug-blank’ “* control-blank

Results and Discussion

Electronic Absorption Spectra Electronic absorption
spectroscopy is universally employed to examine the binding
mode of DNA with small molecules. The absorption spectra
of 1 and 2 in the absence and presence of ct DNA are given
in Figs. 2a and b. In the absence of ct DNA, the UV—Vis ab-
sorption spectra of the benzoxanthone 1 has a strong 7—r*
transitions band at A,,,,=261nm and a strong n—7* transi-
tions band at A, =369 nm, while the benzoxanthone 2 has a
strong 7m—7m* transitions band at A4,,,=208nm, a middle
m—m* transition at A, =266nm and a weak n—7* transi-
tions band at A,,,, =328 nm. With increasing DNA concentra-
tion, the absorption bands of the two compounds show de-
creases in molar absorptivity (hypochromism) as well as
slight bathochromism. These variations are strongly indica-
tive of the intercalation mode of the compounds with ct
DNA, involving a strong 7-stacking interaction between the
compounds and DNA base pairs.?**)

In order to study the binding ability of the compounds
with DNA quantitatively, the binding constant K, was deter-
mined using the Eq. 1,

[DNA]/(e,— ) =[DNA]/(&,— &p)+ 1/Ki(€,— &) (1)

where [DNA] is the concentration of DNA in base pairs, &,
&, and g, are the apparent extinction coefficient correspond-
ing to A4,,./[M], the extinction coefficient for the free com-
pound and the extinction coefficient for the compound in the
fully bound form, respectively. In plots of [DNAJ/(g,— &)
versus [DNA], K, is given by the ratio of slope to the inter-
cept (Figs. 2a, b, inset). The binding constants K for 1 and 2
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Fig. 2. UV-Vis Absorption Spectra of 1 (a) and 2 (b) (10 um) in the Pres-
ence of 0, 5, 10, 15, 20, 25, 30 um of ct DNA

The arrow indicates the absorbance changes upon increasing DNA concentration.
The inset is plot of [DNA]/(g,— &) vs. [DNA] for the titration of DNA to the com-
pounds.

were found to be 5.0X10*m ™" and 3.2X10*M™!, respectively.
The results indicate that the binding strength of compound 1
is stronger than 2. Because there are absorption bands at
about 260nm for the two benzoxanthones and DNA, the
binding constants K; were obtained from extinction coeffi-
cients of other absorbance bands at A,,,=369nm and
Amax =208 nm for 1 and 2, respectively.

Furthermore, the spectra changes process of DNA could
indicate the corresponding changes of DNA in its conforma-
tion and structure after the small molecule bonds to DNA via
various noncovalent interactions.”**¥ Hyperchromic or
hypochromic effect is the spectra features of DNA concern-
ing its double helix structure. Hyperchromism results from
the damage of the DNA double helix structure, while
hypochromism results from the contraction of DNA in the
helix axis, as well as from the change in conformation on
DNA. Figures 3a and b both display a well-behaved titration
of 1 and 2 with calf thymus DNA. With increasing concen-
tration of the compounds, the absorption intensity at 260 nm
of DNA exhibit visible hyperchromism of about 46.67% and
24.29% for 1 and 2, respectively. This phenomenon may have
been largely due to the fact that the purine bases and pyrimi-
dine bases of DNA were exposed because of the interaction
of the benzoxanthones to DNA.>® So this typical hyper-
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Fig. 3. UV-Vis Absorption Spectra of ct DNA in the Presence of 0, 10,

20, 30, 40, 50 um of 1 (a) and 2 (b)
[DNA]=100 zm.

chromic effect also confirms the interaction of compounds to
DNA evidenced by the changes of the DNA double helix
structure after the benzoxanthones bound to DNA 2%

In order to confirm the binding mode of DNA with the two
benzoxanthones, ethidium bromide (EB) was employed in
this experiment, as EB interacts presumably with DNA as a
typical indicator of intercalation. Figures 4a and b show that
the maximal absorption of EB at 479nm decreased and
shifted to 511 nm in the presence of DNA, which is charac-
teristic of intercalation. As shown in Figs. 4a and b, curve III
is the absorption of the mixture solution of EB, the com-
pounds and DNA. It is found that the absorption at 511 nm
increased comparing with curve II, which indicates there ex-
isting competitive intercalation between the compounds and
EB with DNA.2? Furthermore, the increased extent of the ab-
sorption when addition 1 is more apparent than addition
compound 2, which may reflect the relative DNA-binding
affinities of 1 and 2.

Fluorescence Spectra EB has characteristics of high
sensitivity and selectivity to DNA. Fluorescence intensity of
EB is so weak, but the intensity greatly increases when EB
intercalated into DNA. It was previously reported that the en-
hanced fluorescence could be quenched, at least partially, by
addition of a second intercalative molecule.?®*?* The quench-
ing extents of fluorescence of EB bound to DNA are used to
determine the relative DNA-binding affinities of the second
molecules.

Therefore, the binding mode of DNA with 1 and 2 also
can be checked by competitive binding experiment. The
emission spectra of DNA-EB system in the presence of in-
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Fig. 4. The Visible Absorption Spectra of (a) 10um EB (I); 10 um
EB+10 um DNA (II); 10 vt EB+10 vt DNA+10 v 1 (I0D) and (b) 10 pau
EB (I); 10 um EB+10 v DNA (I1); 10 um EB+10 v DNA+10 v 2 (I1D)

creasing amounts of 1 and 2 are shown in Figs. 5a and b re-
spectively. It can be noted that intensity of the fluorescence
spectrum at 587 nm decreased apparently by addition of in-
creasing amounts of the two compounds, which confirms that
both of them interact with DNA by an intercalating mecha-
nism, competing with EB for the same binding sites. The re-
sult was caused by EB changing from a hydrophobic envi-
ronment to an aqueous environment.>*3!

According to the classical Stern—Volmer equation, Eq.
232

FJF=1+K,[Q] )

Where F, and F represent the emission intensity in the ab-
sence and presence of quencher, respectively, K is a linear
Stern—Volmer quenching constant and [Q] is the quencher
concentration. The quenching plots illustrate that the quench-
ing of EB bound to DNA by the compounds is in good agree-
ment with (R=0.99) the linear Stern—Volmer equation (Figs.
5a and b, inset). In the plots of Fi/F versus [Q], K, is given
by the ratio of the slope to the intercept. The K value for 1 is
1.3X10°m~" while the compound 2 is 7.4X10*m™!, which
shows that 1 is more able than 2 in replacing the strong DNA
intercalators EB, in consistent with the higher value of K
spectrophotometrically determined. This result is in accor-
dance with DNA intercalation mechanism for both benzox-
anthones, being 1 characterized by higher affinity toward
DNA, compared with 2.

CD Spectroscopy Circular dichroic spectral techniques
may give us useful information on how the conformation of
the DNA chain is influenced by small molecules. The CD
spectrum of ct DNA consists of a positive band at 275 nm
that can be due to base stacking and a negative band at
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Fig. 5. Fluorescence Emission Spectra of DNA-EB in the Presence of 0,
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245 nm that can be due to helicity and it is also characteristic
of DNA in a right-handed B form.>® The changes in CD sig-
nals of DNA observed on interaction with small molecules
may often be assigned to the corresponding changes in DNA
structure.>® Thus simple groove binding and electrostatic in-
teraction of small molecules show less or no perturbation on
the base-stacking and helicity bands, whereas intercalation
enhances the intensities of both the bands stabilizing the
right-handed B conformation of ct DNA as observed for the
classical intercalators methylene blue.*>

The CD spectrum of ct DNA was monitored in the pres-
ence of 1 and 2; the changes observed in the two cases are
shown in Fig. 6. On addition of 2 to ct DNA, it shows slight
red shift with intensity increase and decrease in the positive
and negative bands respectively. When addition of compound
1 to ct DNA, it is observed that the positive-band position
was shifted to 280 nm from 275nm with more evident in-
crease than 2 in molar ellipticity, while the intensity of the
negative band in the CD spectrum of DNA was perturbed
with a red shift of 3 nm. This reveals the effect of strong in-
tercalation of the compounds on base stacking and decreased
right-handedness of B-DNA. Furthermore, the large decrease
in intensity of the DNA helicity band indicates that the DNA
is unwound upon interaction with the compounds and
then transformed into other conformations.’* 3% The result
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Fig. 6. CD Spectra of ct DNA (200 um) in the Absence and Presence of 1
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is in agreement with structure changes concluded from ab-
sorbance spectra changes process of DNA upon adding the
two compounds.

Viscosity Studies Optical photophysical probes gener-
ally provide necessary, but not sufficient clues to support a
binding mode. Hydrodynamic measurements that are sensi-
tive to length change (i.e., viscosity and sedimentation) are
regarded as the least ambiguous and the most critical tests of
binding in solution in the absence of crystallographic struc-
tural data. A classical intercalation model results in lengthen-
ing the DNA helix as base pairs are separated to accommo-
date the binding small molecules, leading to an increase of
DNA viscosity. In contrast, a partial and non-classical inter-
calation of small molecules could bend or kink the DNA
helix, reduce its effective length and increase its viscosity
concomitantly.>”

As a validation of the above verdict, viscosity measure-
ments were carried out. The effects of the two compounds on
the viscosity of DNA at 25.0%0.1 °C are shown in Fig. 7. It
can be observed that the viscosity of the DNA increased with
increasing amounts of 1 or 2. Such behavior is in accordance
with other intercalators, which increases the relative specific
viscosity for the lengthening of the DNA double helix result-
ing from intercalation. These results indicate that the two
compounds can intercalate between adjacent DNA base
pairs, causing an extension in the helix, and thus increase the
viscosity of DNA. 1 can intercalate more deeply than 2. The
results obtained from viscosity studies also validate those ob-
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Table 1. Antiproliferative Effects (IC,y) of 1 and 2 on HeLa Cells, HepG2 Cells and L02 Cells
HeLa cells (um) HepG2 cells (um) L02 cells (um)
Compound
24h 48h 72h 24h 48h 72h 24h 48h 72h
1 >300 41.5 8.3 >300 255 92 >300 >300 152
2 >300 49.6 24.4 >300 36.5 41 >300 >300 >300
124 ™ (HepG2) and human normal liver cell line (L02) were incu-
o e bated for 24 h, 48 h and 72 h with varying concentrations of
U= —¥—Hela-24h-2 . g . .
= i HeLadeha them and the cell viability was determined by acid phos-
Eosf|| VT TT—0 phatase assay. The assay is based on the hydrolysis of the p-
s |\ \.\' ; nitrophenyl phosphate by intracellular acid phosphatases in
R 064 \\ — iable cells to produce p-nitrophenol. For the cell lines exam-
£ \ via p p p
% 04l M ined, absorbance of p-nitrophenol at 405 nm is directly pro-
g \.\ portional to the cell number in the range of 10°—10° cells.
B 024 \:s‘ The cell viability was decreased in response to 1 and 2 in a
= dose-dependent manner as illustrated in Fig. 8 and Table 1.
0.0 : : ‘ \ ‘ : ‘ The compounds didn’t show evident cytotoxic activity
0 50 100 150 200 250 300 350 . .
Concentration (1M) against tumor cell lines HeLa and HepG2 when treatment
@) with 24h. However, they showed potent cytotoxic activity
1o against them after 48 h and 72h treatment. They exhibited
-tz very weak cytotoxic activity against L02 except for 1 when
1044 Tt treatment for 72 h. The results demonstrated that the tumor
3 \t\ i beazrang cell line HeLa and HepG2 were more susceptible to the two
§ 087 ‘\\* benzoxanthones as compared with that of normal cell line
“\f 06. ;/'\ ¥ L02. It may be because the compounds induce damage to
< \‘ \O%;/\' DNA in the cancer cells.”
£ T . . . .
5 04 P The compound 1 bearing linearly fused aromatic ring had
% : \ . more potent activity than 2 bearing angularly fused aromatic
© 029 — ring against HeLa, while 2 had more preferable activity to-
00 . . . ‘ . ; . ward HepG2 comparing to 1. It reveals that the cytotoxic ac-
0 50 100 150 200 250 300 350 tivity of the same compound against one tumor cell line dif-
Concentration (kM) fers from another. This suggests that the action mechanisms
(b) of benzoxanthones against HeLL.a may be different from that
124 E—r—— against HepG2. It may be due to the different structures and
o i compositions in various tumor cell lines. The complicated
s 1.0-4\. x;‘ i mechanisms about the effect of the compounds on the tumor
§ o8 \.\:/l cells are currently under the way.
5
g 064 Conclusion
% 04l The interaction mode between DNA and the two benzox-
; anthones have been investigated by spectrophotometric meth-
© 021 ods and viscosity measurements. The results suggest that the
00 . ] . ‘ . . . two compounds can intercalate into the base group pairs of
0 5 100 15 200 250 300 350 DNA because of the good planarity of the benzoxanthone
Concentration (L) ring. They both have strong binding affinity with DNA.
© Comparing the binding extents of them, it is concluded that
Fig. 8. Effects of 1 and 2 on Viability of HeLa (a), HepG2 (b) and L02 (¢)  binding affinity of 1 bearing linearly fused aromatic ring is

Cells

Cells were treated with various concentrations of 1 and 2 for indicated duration.
Each data point represents the arithmetic mean=+S.D. of three independent experiments.

tained from the spectroscopic studies. On the basis of all the
spectroscopic studies together with the viscosity measure-
ments, it is suggested that the two benzoxanthones 1 and 2
could bind to ct DNA in non-classical intercalation mode.
Cytotoxic Activities To evaluate the potential antiprolif-
erative activity of the compounds, human cervical cancer cell
line (HeLa), human hepatocellular liver carcinoma cell line

stronger than 2 bearing angularly fused aromatic rings.
Moreover, the result of acid phosphatase assay suggested that
they had potent cytotoxic activity against tumor cell lines
HeLa and HepG2 but weak effect on normal liver cell line
LO02.
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