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Abstract In this work, a xanthone derivative was obtained by
cationic modification of the free hydroxyl group of xanthone
with dimethylamine group of high pKa value. The interactions
of xanthones with DNA were investigated by spectroscopic
methods, electrophoretic migration assay and polymerase
chain reaction test. Results indicate that xanthones can inter-
calate into the DNA base pairs by the hydrophobic plane and
the xanthone with dimethylamine side chain may also bind the
DNA phosphate framework by the basic amine alkyl chain,
thus showing a better DNA binding ability than the xanthone.
Furthermore, inhibition on tumor cells (ECA109, SGC7901,
GLC-82) proliferation of xanthones were evaluated by MTT
method. Analysis results show that the xanthone with
dimethylamine side chain exhibits more effective inhibition
activity against three cancer cells than the xanthone. The
effects on the inhibition of tumor cells in vitro agree with the
studies of DNA binding. It means that the amine alkyl chain
would play an important role in its antitumor activity and
DNA binding property.

Keywords Xanthone - DNA binding mode - Antitumor
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Introduction

The targeting selectivity between small molecules and biolog-
ical macromolecules may be attributed to the molecule recog-
nition. Particularly, recognition of small molecules with DNA
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on a molecular level becomes important for regulation of gene
expression and study of drugs action in vivo. A better under-
standing of how to target DNA sites specifically will lead not
only to novel chemotherapeutics but also to a greatly expand-
ed ability for chemists to probe DNA and develop highly
sensitive diagnostic agents [1-3]. The various compounds
are being used at the forefront of many of these efforts. These
compounds can non-covalently bind with DNA by intercala-
tion for planar aromatic ring systems, groove binding for large
or flexible molecules, and external electrostatic binding for
cations. The decision about which mode to bind depends
much on the sizes and configuration of the molecules [4-6].
So the stable, inert and water-soluble molecules containing
spectroscopically active centers may be widely exploited for
serving as probes of biological systems and showing excellent
biological activities.

The numerous biological experiments have demonstrated
that DNA is the primary intracellular target of anticancer drugs
due to the interaction between small molecules and DNA.
This interaction can cause DNA damage in cancer cells,
inhibiting the division of cancer cells and resulting in cell
death [7—10]. Therefore, the study of interactions between
anticancer reagents and DNA are also very important to
understand the mechanisms of their anticancer activities
[11-15]. All the investigations are the basis of new and more
efficient anticancer drugs design. We have been focusing on
studying the DNA binding property of xanthones. Xanthons
are symmetrical three-membered ring compounds with eight
substitution positions which could bring a variety of interest-
ing structures with diverse pharmacology activities [16—18].
The previous results indicate that the xanthones could
intercalate into the base pairs of DNA, lead to DNA
damage, and inhibit cell proliferation finally. Furthermore,
the different alkyl substitute groups in xanthones would
affect the DNA binding affinity and the biological activity
significantly [19, 20].
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Based on the above results, a xanthone with dimethylamine
side chain was synthesized by incorporating cationic group
with relatively high pKa value to improve the hydrophilicity
of the hydrophobic xanthone scaffold and tune the affinity or
mode of xanthone to DNA. Subsequently, we have investi-
gated the DNA binding property of xanthones and their effects
on the growth of three human cancer cell lines, ECA109
(esophagus cancer), SGC7901 (stomach cancer) and GLC-
82 (lung cancer) in vitro. The primary aims of these experi-
ments are to gain some insight into the effect of structural
factor in amine group substituted xanthone with DNA binding
and offer an impetus for designing newer DNA directed
therapeutic agents.

Experimental
Materials

Xanthones were prepared according to the literatures with
some improvements [18, 21]. Calf thymus DNA (ct DNA)
and ethidium bromide (EB) were purchased from Sigma-
Aldrich Co. LLC. The pUC18 plasmid DNA was purchased
from Takara Biotechnology (Dalian) Co. Ltd. The primes
were purchased from Sangon Biotech (Shanghai) Co. Ltd.
The Taq DNA polymerase was purchased from New England
Biolabs (Beijing) Ltd. Other chemicals were reagent grade
without further purification.

Measurements

Electrospray ionization mass spectra (ESI-MS) were per-
formed on a Bruker apex ultra 7.0 T Fourier transform mass
spectrometer and "H NMR spectra were recorded by using a
Bruker AVANCE III 600 spectrometer. The UV—Vis absorp-
tion spectra were recorded by using a Varian Cary 100 spec-
trophotometer, the fluorescence emission spectra were record-
ed by using a Hitachi F-4600 spectrofluorimeter, and the
circular dichroic (CD) spectra were recorded by using a Bio-
Logic MOS-450 spectrometer, respectively. The polymerase
chain reaction (PCR) was performed on a PE 9700 thermal
cycler. The electrophoresis bands of DNA were imaged by
using a Tanon-1600 gel imager under UV light. The absor-
bance of MTT assay was recorded on a Bio-Tek Microplate
Reader.

The measurements involving in the interaction of xan-
thones with ct DNA were carried out in Tris—HCI buffer

OH
COOH
+
OH  HO

Fig. 1 Synthetic route for
xanthones 1-2
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(5 mM Tris, 50 mM NacCl and adjusted to pH 7.4 with HCI).
The solution of ct DNA purity (Azeo: Azgo>1.80) and con-
centration (€=6,600 M ' cm ' at 260 nm) was checked by
UV-Vis spectrometer [22, 23]. The electrophoretic migration
assay of plasmid DNA was carried out in Tris—HCI buffer
(pH 7.4). PCR amplification was carried out in Themopol
buffer (20 mM Tris—HCI, 10 mM KCI, 10 mM (NH4),SO4,
2 mM MgSOy, 0.1 % Triton X-100, pH 8.8). Xanthones were
first dissolved in a minimum amount of DMSO (0.5 % of the
final volume) and then diluted with the corresponding buffer
to the required concentrations.

Preparation of Xanthones 1-2

The synthetic route of xanthone (1) and its dimethylamine side
chain substituent (2) is shown in Fig. 1. Compound 1 was
synthesized from the condensation of y-resorcylic acid with
resorcinol in the presence of anhydrous zinc chloride and
phosphorus oxychloride as a condensing agent. Aminelation
of 1 with amine alkyl halides in acetone afforded 2 in good
yields. All the crude products were purified by chromatogra-
phy on a silicagel column and recrystallized to afford 1-2 as
yellow solids.

1, 6-dihydroxy-9H-xanthen-9-one (1) Yield 36.5 %, ESI-MS:
m/z 229.1[M+H]", "H NMR (600 MHz, DMSO-d6): & 12.86
(s, 1 H), 11.22 (s, 1 H), 8.06-8.03 (d, 1 H), 7.71-7.65 (t, 1 H),
7.04-7.02 (d, 1 H), 6.97-6.94 (t, 1 H), 6.93-6.88 (t, 1 H), 6.80-
6.78 (d, 1 H) ppm.

6-(2-(dimethylamino)ethoxy)-1-hydroxy-9H-xanthen-9-one
(2) Yield 85.6 %, ESI-MS: m/z 300.1 [M+H]", '"H NMR
(600 MHz, CDCly): 6 12.79 (s, 1 H), 8.16-8.18 (d, 1 H),
7.54-7.57 (t, 1 H), 6.98-6.99 (dd, 1 H), 6.88-6.90 (m, 2 H),
6.78-6.79 (d, 1 H), 4.20-4.22 (t, 2 H), 2.84 (s, 2 H), 2.40 (s,
6 H) ppm.

DNA Interactions

Absorption and fluorescence titration experiments were per-
formed by fixing the xanthones concentration as constant at 5
and 10 uM, respectively, while varying the concentration of ct
DNA. The competitive binding experiment was carried out by
maintaining the EB and ct DNA concentration at 2 and
30 uM, respectively, while increasing the concentration of
xanthones. Fitting was completed by using an Origin 7.5

OH
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spreadsheet, where values of the binding constants K;, and
quenching constant K were calculated.

The CD spectra of DNA were scanned in the range of
200-400 nm by increasing compound/DNA ratio (=0,
1/3) at 25.0 °C. The optical chamber of the CD spectrom-
eter was deoxygenated with dry nitrogen before use and
kept in a nitrogen atmosphere during experiments. Scans
were accumulated and automatically averaged. The spectra
represented the average of three scans without the buffer
background.

In the electrophoretic migration assays, xanthones and
0.25 pg pUC18 plasmid DNA were mixed and brought to
25 uL by Tris—HCI buffer. All samples were incubated at
25 °C in the dark for 4 h. Then the DNA migration rate was
detected by 1.0 % agarose gel electrophoresis in TBE (Tris-
borate-EDTA) buffer (pH 8.0). The tests were repeated
triplicate.

PCR amplifications were performed in a 25 pL reaction
mixture containing 0.1 ug plasmid pEGFP-N1 DNA, 0.4 uM
of each primer (5'TCAGGTTCAGGGGGAGGTGTG3'
(forward) and 5’AAGGCTACGTCCAGGAGCGCA3Z3'
(reverse)), 0.2 mM of each dNTP (deoxy-ribonucleoside
triphosphate), 2.5 uL of 10xThemopol buffer and 1.5 U
DNA Taq polymerase. The parameters were as follows: after
heating at 95 °C for 5 min, 30 cycles were carried out includ-
ing 50sat94 °C, 50 s at 55 °C, and 30 s at 72 °C. A final 5 min
elongation was performed at 72 °C. The final product was
analyzed on 1.5 % agarose gel electrophoresis in TBE buffer.
In the experimental group, xanthones and forward primer or
reverse primer were premixed, incubated at 4 °C for 6 h, and
then used for the PCR to study the effect on single stranded
DNA. In the control group, xanthones were added into the
reaction mixtures directly for the PCR to detect the effect on
Taq DNA polymerase. The experiments were repeated
triplicate.
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In Vitro Antitumor Potency

The cells were plated in 96-well culture plates at density of
50,000 cells per well and incubated for 24 h at 37 °C in
a water-atmosphere (5 % CO,). The xanthones were
dissolved in DMSO and diluted with culture medium
(DMSO final concentration <0.5 %) to the required con-
centrations prior to use. After addition, the different
concentration of xanthones (10 pL/well) were incubated
with the cells for 68 h, 10 pL of aqueous MTT solution
(5 mg/mL) was added to each well, and the cells were
incubated continually for another 4 h. The medium was
removed and DMSO (100 puL/well) was added. Subsequently,
absorbance was recorded at 570 nm. All experiments were
performed in triplicate and each experiment was repeated at
least three times.

Results and Discussion
Electronic Absorption Spectra

The electronic absorption spectroscopy is one of the most
useful techniques for DNA-binding studies of small mole-
cules. As shown in Fig. 2, in the absence of DNA, the UV—
Vis spectra of 1 has a strong 7t-7t* transitions band at A=
230 nm, a weak 7t—7t* transitions band at A,,,,,=302 nm and a
medium n-7t* transitions band at A,,,,=358 nm, while 2 has a
strong 7—7t* transitions band at A,,,=230 nm, a medium
7I—7r* transition at A, =302 nm and a weak n—7t* transitions
band at A,,,x=358 nm. With increasing DNA concentration,
the absorption bands of the two compounds exhibit visible
hypochromism as well as slight bathochromism. These varia-
tions are indicative of the intercalation mode between the

b
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Fig. 2 UV-Vis absorption spectra of 1 (a) and 2 (b) upon addition of ¢t DNA. Cyanmones=39 UM, Cpna=0, 1,2, 3,4, 5, 6 uM. The arrow indicates the
absorbance decreases upon increasing DNA concentration. The inset is plot of [DNA]/(e,—¢y) versus Cpna for the titration of DNA to xanthoes
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compounds and ct DNA, involving a strong 7t-stacking inter-
action between the compounds and DNA base pairs [24, 25].

From the absorption data, the binding constant Ky, is deter-
mined by using the Eq. (1),

[DNA] / (ca—21) = [DNA] / (eo—c1) + 1 / Ko(eo—cr), (1)

where [DNA] is the concentration of ct DNA in base pairs, €,
€g, and ¢y, are the apparent extinction coefficient correspond to
Aopsa/[M], the extinction coefficient for the free compound
and the extinction coefficient for the compound in the fully
bound form, respectively [26]. In plots of [DNA]/(e,—¢¢)
versus [DNA], K, is given by the ratio of slope to the
intercept (Fig. 2a—b, inset). The binding constant Ky, for 1
and 2 are (1.58+0.12)x10* M~ ! and (3.26+0.19)x
10* M, respectively. This means that 2 exhibits stronger
binding affinity towards DNA.

Fluorescence Spectra

Concomitant with the hypochromism in the absorption spectra
of xanthones upon addition of ct DNA, an obvious fluorescent
emission enhancement of 1 at 450 nm occurs (Fig. 3a.). The
result suggests that 1 can be protected efficiently from colli-
sion of water molecules by the hydrophobic environment
inside the DNA helix. It indicates that 1 can insert between
DNA base pairs deeply, which is similar to other intercalators
and is consistent with the above absorption spectra results
[27]. However, the fluorescence intensity of 2 decreases
steadily upon increasing ct DNA concentration at 450 nm
(Fig. 3b.). This phenomenon may be attributed to the
quenching by the high negative charge of DNA. Because the
phosphate groups of DNA with a negatively charged may

a

150

125

100

75

Fluorescence Intensity (a.u.)

50

. T . T .
400 450 500 550
Wavelength (nm)

Fig. 3 Fluorescence emission spectra of 1 (a) and 2 (b) upon addition of
ct DNA. (Aex=320 nm, A.;;=350-600 nm) Cyanthones=10 UM, Cpna=0,
2.5,5,7.5, 10, 12.5, 15 uM. The arrow indicates the fluorescence
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form a polyanion. And the amine moiety with high pKa values
is more likely to be protonated and develop a cationic charge,
which is quenched by the high negative charge of DNA easily.

From the fluorescence change (Fig. 3a-b, inset), 1 follows
nearly linear variation and 2 follows a downward sloping
curve. These indicate only one binding process in 1 to DNA,
and more than one binding process in 2 to DNA. It may be
concluded that 1 binds to DNA solely by intercalation mode
and 2 binds to DNA not only by intercalation mode but also
would be attracted to the electronegative phosphate frame-
work, forming a surface bonding mode.

Competitive Binding Experiment

As further proof, the DNA-EB adduct fluorescence quenching
method can be used to determine the binding mode and
affinity of the compound to DNA [28]. Figure 4 shows the
emission spectra of DNA-EB system upon the increasing
amounts of xanthones. The emission intensity of DNA-EB
system at 605 nm decreases upon increasing the concentration
of xanthones, which due to the translocation of EB from a
hydrophobic environment to an aqueous environment [29]. It
indicates that xanthones could displace EB from the DNA-EB
system. Such a characteristic change is often observed in
intercalative DNA interactions [30].
According to the classical Stern-Volmer Eq. (2),

Fo/F = 1+Kq[Q) @)

where F and F represent the emission intensity in the absence
and presence of quencher, respectively, K is a linear Stem-
Volmer quenching constant and [Q] is the quencher concen-
tration [31]. In the plots of Fo/F versus [Q], K is the slope.
The quenching plots illustrate that the quenching of EB-DNA
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changes upon increasing DNA concentration. The inset is plot of F/F,
versus [DNA]/[compound]
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Fig. 4 Fluorescence emission spectra of DNA-EB in the absence and

presence of increasing amounts of 1 (a) and 2 (b). (Ax=500 nm, A.,,=
520-720 nm) Cgg =2 uM, Cpna=30 UM, Cyanthones=0, 2.5, 5, 7.5, 10,

adduct by 1 is in good agreement with the linear Stern-Volmer
equation (Fig. 8a, inset). And the K, value for 1 is 0.67x
10* M, which shows only one quenching process, indicating
that 1 intercalates into DNA. However, there are two
quenching processes in the DNA-EB adduct competitive
binding with 2 (Fig. 8b, inset), the K, value is 1.53x
10* M" and 0.85x10* M, respectively. These indicate 2
can intercalate into the DNA base pairs by the xanthone plane
and bind the DNA phosphate groups by the basic amine alkyl
chain. The results are consistent with the above spectroscopic
analysis.

Circular Dichroic Spectra

CD spectra techniques give us useful information on how the
DNA conformation is influenced by the binding of small
molecules. The CD spectrum of free ct DNA consists of a
positive band at 277 nm due to base stacking and a negative
band at 246 nm due to the polynucleotide helicity, which is
characteristic of DNA in the right-handed B form [32]. The
changes in CD signals of DNA are observed on interaction
with small molecules may often be assigned to the corre-
sponding changes in DNA structure. Thus simple groove
binding and electrostatic interaction of small molecules shows
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
DNA as observed for the classical intercalator [33].

The CD spectra of DNA are monitored in the presence of
xanthones. The changes are shown in Fig. 5. The large in-
crease in the DNA stacking band reveals the effect of strong
intercalation of the xanthones on base stacking. It is possible
that the extended aromatic rings reduce the helical twist angle
of the DNA base pairs and increase the intensity of the base

120

g

Fluorescence Intensity (a.u.)

20

550 ' 600 ' 650 ' 700
Wavelength (nm)
12.5, 15, 17.5, 20, 22.5, 25 uM. The arrow indicates the fluorescence

decreases upon increasing DNA concentration. The inset is Stern-Volmer
quenching plots

stacking band [34]. The large decrease in the DNA helicity
band indicates that DNA is unwound upon interaction with the
compounds and then transformed into other conformations.
Furthermore, 2 shows more evident influence than 1 on the
conformation of DNA.

Agarose Gel Electrophoresis Assay

The binding modes of xanthones to pUC18 plasmid DNA are
further examined by agarose gel electrophoresis assay. As
shown in Fig. 6, the migration rate of DNA decreases obvi-
ously in the Form I (supercoiled form) and the Form II
(relaxed form) with increasing concentrations of 1-2 from
25 to 50 uM. This phenomenon is similar to that of EB [35].
The migration rate of DNA shows a more obvious decrease in

10

|——DNA
gl DNA+1 ’ \
|----DNA+2 ,/ \

CD[mdeg]

T T T T T T T T T T T
225 250 275 300 325 350 375
Wavelength (nm)

Fig. 5 CD spectra of ct DNA (60 uM) in the absence and presence of
xanthones 1-2 (20 uM)
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Fig. 6 The electrophoretic migration assays of pUC18 DNA incubated
with xanthones 1-2. B represents blank; the concentration of 1-2 is
indicated in the figure

the case of 2. This once again confirms a stronger intercalative
effect of 2 to DNA than 1. This result is very intuitive and
agrees with the above spectra results.

PCR Amplification

To study the influence of xanthones on DNA amplification,
the sequences of primer pairs are designated as STCAGGT
TCAGGGGGAGGTGTG3' (forward) and 5’AAGGCTAC
GTCCAGGAGCGCAZ' (reverse) in order to amplify the
defined fragment between site 950 and 1,491 of plasmid
pEGFP-N1 via PCR. The results are shown in Fig. 7. A band
of 542 bp is seen on agarose gel while xanthones is absent
within PCR system (lane b in Fig. 7). In the control group,
addition of xanthones (5 uM) does not prevented PCR, indi-
cates that they have no effect on Taq DNA polymerase (lane c,
f in Fig. 7). In the experimental group, the PCR product is
barely visible on agarose gel while forward primer or reverse
primer pre-incubated for 6 h at 4 °C with 2 (5 uM) (lane g, h in
Fig. 7). The similar result does not appear in the case of 1 (lane
d, e, in Fig. 7). Therefore, it is concluded from these data that 2
is able to bind single stranded DNA, thereby preventing DNA
amplification. This is a great proof of the spectroscopy
inference.

Fig.7 The effect of xanthones on PCR. a: DNA ladder; b: PCR without
xanthones; ¢, f: PCR with 1 (5 uM) and 2 (5 uM), respectively; d, e: 1
(5 uM) pre-incubated for 6 h at 4 °C with forward primer and reverse
primer, respectively; g, 4: 2 (5 uM) pre-incubated for 6 h at 4 °C with
forward primer and reverse primer, respectively
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Fig. 8 Inhibition on various human cancer cells proliferation activity of
xanthones 1-2

In Vitro Antitumor Potency

To evaluate the potential antitumor activity of xanthones, three
human cancer cell lines (ECA109, SGC7901, GLC-82) are
incubated for 72 h with varying concentrations of them and
the cell viability is determined by the MTT assay in vitro. The
inhibitory effect is increased in response to xanthones 1-2 in a
dose-dependent manner as illustrated in Fig. 8. The two com-
pounds exhibit potent inhibition activity against three human
tumor cell lines. And 2 with the polar amine group has a better
hydrophilicity and penetration for cell membrane, therefore, it
exhibits more significant antitumor activity (Table 1). Com-
bining with the DNA-binding experiment, it may because the
compounds intercalate into the base group pairs of DNA,
which induce damage to DNA in the cancer cells,
inhibiting the division of cancer cells and resulting in cell
death [36]. In addition, amine moiety with high pKa value
is more likely to be protonated and develop a cationic charge,
therefore, binding with the phosphate groups of DNA and
blocking DNA replication.

The flexible chain with active group linked at rigid xan-
thone plane may tune the DNA binding mode and facilitate
the DNA selective binding, which imply that the suitable
substituents in xanthone derivatives might contribute to the
increase of their anticancer activity or to the decrease of their
toxicity. Because of the multiple structures and compositions
in various tumor cell lines, the complicated mechanisms about
the effect of the compounds on the tumor cells are currently
under the way.

Table 1 The ICsq values of xanthones 1-2 against various human cancer
cells

Compound 1Csp (UM)

ECA109 SGC7901 GLC-82
1 25.67 33.16 >50
2 9.56 13.31 16.05
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Conclusion

The DNA binding properties of xanthones have been investi-
gated by spectroscopic methods, electrophoretic migration
assay and polymerase chain reaction test. The results indicate
that xanthones can insert DNA depending on the good pla-
narity of aromatic ring and the xanthone with amine side chain
would bind the DNA phosphate groups, thereby showing a
better DNA binding ability than the xanthone. Comparing the
inhibitory effect in vitro, the xanthone with amine side chain
exhibits more significant antitumor activity, which accord
with the results of DNA binding study. And each compound
would show the cytotoxic activity varying according to the
various tumor cells. We conclude that the xanthones interca-
late into DNA and cause DNA damage in cancer cells, and the
xanthone with amine side chain is able to bind single stranded
DNA to prevent DNA amplification, thus inhibiting the pro-
liferation of cancer cells. Information obtained from the pres-
ent work provides evidence for DNA binding property of
xanthones and is expected to offer further impetus for devel-
oping novel DNA targeted therapeutic agents.
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