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Background: Thymoquinone (TQ) has been documented to possess chemo-preventive and chemotherapeutic
antitumor effects. Studies reported that TQ inhibits the growth of cancer cells in animal models, culture and
xenografted tumors. Molecular mechanisms underlying these anticancer effects were attributed to inductions
of cell cycle arrest, apoptosis, oxidative damage of cellular macromolecules, blockade of tumor angiogenesis
and inhibitions in migration, invasion and metastasis of cancer cells.
On the other hand, human telomere DNA plays a role in regulating genes' transcriptions. It folds up into
G-quadruplex structures that inhibit telomerase enzyme over-expressed in cancerous cells. Molecules
that selectively stabilize G-quadruplex are potential anticancer agents. Therefore, this work aimed to
explore the interaction of TQ with G-quadruplex DNA as a possible underlying mechanism for the anticancer
effect of TQ.
Methods: Interactions of TQ with telomeric G-quadruplex (5′-AGGG(TTAGGG)3-3′) and duplex DNAs were
studied using UV–vis, fluorescence, circular dichroism, liquid and solid NMR (1H and 13C), melting temperature

and docking simulation.
Results: Changes in UV–vis, CD, fluorescence, 1H NMR and 13C NMR, spectra as well as melting temperatures
and docking simulations provided evidences for TQ's interactions with G-quadruplex. TQ was found to interact
with G-quadruplex on two binding sites adjacent to the TTA loop with binding constants 1.80 × 105 and
1.12 × 107 M−1. Melting temperatures indicated that TQ stabilized G-quadruplex by 5.6 °C and destabilized ct-
DNA by 5.1 °C. Selectivity experiment indicated that TQ is preferentially binding to G-quadruplex over duplex
with selectivity coefficients of 2.80–3.33 × 10−3. Results suggested an intercalation binding mode based on
π–π stacking.
Conclusion: Our results propose that TQ can possibly act as a G-quadruplex DNA stabilizer and subsequently
contribute to the inhibition of telomerase enzyme and cancer's proliferation.
General significance: Our results represent a change in the paradigms reported for structural features of
G-quadruplex's stabilizers and anticancer mechanisms of TQ.
© 2014 Elsevier B.V. All rights reserved.
1. Introduction

Nigella sativa or black seed has been used for treating several
diseases over centuries. Thymoquinone, 2-isopropyl-5-methylbenzo-
1,4-quinone; is the major constituent (30–48%) of the seeds' essential
oil [1] (Scheme1). TQ is of lowgeneral toxicity and has shown antitumor
effects in numerous cancer culture cell lines and animal models [2,3].
Other pleiotropic pharmacological effects of TQ include antioxidant,
anti-inflammatory, antidiabetic, free radical scavenger, modulator for
anti-oxidant enzymes, inhibitor for the pro-inflammatory transcription
factors and inflammatory cytokine growthmediators aswell as affecting
autoimmune diseases [1].
Numerous in-vivo and in-vitro studies reported the anti-cancer and
chemo-preventive effects of TQ against different malignancies [2]. The
works reported by Johnson and Worthen on the cytotoxic effects of
TQ against human cancer cells initiated the growing interest in TQ as a
potential chemopreventive agent [3,4]. Molecular targets of TQ as a pre-
ventive and chemotherapeutic anticancer agent have been discussed in
a recent review by Kundu et al. They presented different molecular
mechanisms associated with diverse biochemical processes underlying
the anticancer effect of TQ [5]. TQ has shown to inhibit proliferation of
neoplastic keratinocytes [6], glioma/glioblastoma (U87 MG and T98G,
M059K and M059J) [7], breast adenocarcinoma (multi-drug-resistant
MCF-7/TOPO, MCF-7, MDA-MB-231 and BT-474) [8,9], leukemia
(HL-60 and Jurkat) [10], lung cancer (NCI-H460 and A549) [11,12],
colorectal carcinoma (HT-29, HCT-116, DLD-1, Lovo and Caco-2) [13],
pancreatic cancer (MIA PaCa-2, HPAC and BxPC-3) [12], osteosarcoma
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Scheme 1. Conversion of TQ to di-peroxy TQ.
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(MG63 and MNNG/HOS) [14], and prostate cancer (LNCaP, C4-2B,
DU145 and PC-3) [15].

TQ was also shown to induce G2/M arrest, inactivate PI3K/Akt and
nuclear factor–kB pathways in human cholangiocarcinomas both in-
vitro and in-vivo [16]. Hamid et al. indicated that TQ targets specific
genes in the estrogen metabolic and interferon pathways in MCF7
breast cancer cells [17]. TQ's molecular mechanisms based on cell
cycle arrest were reported. Cell cycle arrests in SP-1 mouse papilloma
and HCT116 human colorectal carcinoma cells were attributed to
increase in p16 expression and decrease in cyclin D1 or regulation of
p53 [6,18]. Cell cycle arrestswere attributed to inhibition of G1 progres-
sion in prostate cancer cells, increasing the p53 and p21 proteins in
MNNG/HOS human osteosarcoma cells and to increasing MCF-7/DOX
doxorubicin-resistant in breast cancer cells [15,19].

The apoptotic effect of TQ in HCT116 human colorectal carcinoma
cells was attributed to interfering the p53-dependent and independent
pathways [18,20] and to blockage of JAK2- and Src-mediated phosphor-
ylation of EGF receptor tyrosine kinase [21]. Apoptosis in p53-null
myeloblastic leukemia HL-60 cells was attributed to the activation of
caspases 8, 9 and 3, and the increase of the Bax/Bcl-2 ratio [22]. TQ
also showed to cause apoptosis in PC-3 prostate cancer cells [15] and
in U266 multiple myeloma cells [23]. Sethi et al. reported that TQ
suppresses the TNF-induced NF-kB-regulated gene products that
include IAP1, IAP2, XIAP, Bcl-2, Bcl-xL, survivin, COX-2, cyclin D1, c-Myc,
MMP-9 and VEGF, in KBM-5 human myeloid cells [24]. Apoptosis
mechanisms based on down regulating Mucin-4 expressed during the
proteasomal pathway in FG/COLO357 pancreatic cancer cells and
inhibition of Akt activation and increasing Bax/Bcl-2 ratio in primary
effusion lymphoma cells were also reported [25,26].

In comparison to cisplatin, TQ was found to be more potent on SiHa
human cervical squamous carcinoma cells [27]. It also inhibited tumor
engrafted cells types HCT116 and PC-3 prostate cancer in mice and
inhibits invasions of MDA-MB-231 and C26 breast and colon cancers
[28,9]. Reasonswere attributed to angiogenesis inhibitions inmigration,
invasion and/or tube formation of human umbilical vein endothelial
cells, FG/COLO357 cells and of NCI-H460 cells [29].

Other mechanisms based on activating JNK's phosphorylation in PC-
3 prostate cancer cells [15], activatingperoxisomeproliferator-activated
receptors (PPARs) inMCF-7 breast cancer cells [9] and down-regulating
cyclic nucleotide phosphodiesterases [30] were also reported. Gurung
et al. have recently reported that TQ induces apoptosis and DNA's
damage in human glioblastoma cells by oxidative damage of DNA
which results in telomerase inhibition, telomere attrition and cell death
[31].

On the other hand, identification of G-quadruplex structures in
telomeric DNA and promoter regions of some oncogenes (e.g. c-myc
and c-kit) has attracted the attentions of researchers over the last two
decades to a hot topic strongly motivated by the desire to discover new
anti-cancer drugs [32–35]. Folding telomeric DNA into G-quadruplex
structures has shown to inhibit telomerase activity over expressed in
cancer cells and subsequently control cells' transcriptions [36].Molecules
with high binding affinity towards G-quadruplex DNA structures
may induce cell apoptosis, inhibit cancer proliferation and cause cancer
relief. Thus, G-quadruplex stabilizers represent a potential avenue
of compounds for developing effective anticancer therapeutic agents
[37].

Several classes of compounds have been reported as G-quadruplex
stabilizers, telomerase inhibitors and/or oncogene regulators. These
included porphyrines [38], porphyrazines [39], phthalocyanines [40],
cyclopyrroles [41], telomestatin [42] and porphyrin TMPyP4 [43] deriv-
atives. The 5,10,15,20-tetra [4-hydroxyl-3-9-trimethyl-ammonium
methyl-phenyl] showed higher selectivity due to the presence of four
positively charged groups and four hydroxyl groups that can interact
with the G-quadruplex loops and grooves [44]. In additions, acridines,
acridones, perylene, corolone, anthraquinones and quinolone deriva-
tives were reported to strongly interact with G-quadruplex by π–π
stacking andwith ds-DNA by intercalations or groove bindings between
the duplex base pairs [32,45]. In the case of perylene, the length
between the aromatic central core and the positively charged nitrogen
atom of the lateral side chain as well as the basicity of the system was
assumed responsible for giving rise better quadruplex stabilization
[46,47]. Fonsecin B and methylene blue were reported as C-myc
G-quadruplex stabilizers [48,49].

Porphyrin metal complexes with selenium, manganese (II), nickel
(II) and copper (II) showed high binding affinities towards human
telomeric and c-myc quadruplexes and inhibitions of their transcriptions
[32,33]. Zinc (II) phthalocyanine [40], nickel (II) salphen [50], platinum
(II) phenanthroline [51] and platinum dipyridophenazine [52] com-
plexes were reported as having higher affinity and selectivity for
quadruplex stabilization and telomerase inhibition. Iridium (III) com-
plexes were used as G-quadruplex selective probe for the detections
of gene deletion, base excision repair enzyme activity, cysteine and
glutathione in aqueous solutions and T4 polynucleotide kinase
activity [53].

The above studies indicated that molecules having a delocalized
system to stack on the face of guanine quartet, a partial positive charge
to intercalate in the center of the guanine quartet through interaction
with electron pairs on carbonyl oxygens and/or positively charged
substituents to interact with the grooves, loops or negatively charged
phosphate backbones, can act as G-quadruplex stabilizers. Planar
metal complexeswith π-delocalized ligands and a strong electronwith-
drawing central metal ion were also assumed good stabilizers for
G-quadruplex [54].

In spite of the growing literature on G-quadruplex's stabilizers, up to
our knowledge, none of investigated molecules has passed to clinical
trials due to their poor drug-like properties and/or selectivity. On
contrary, the anticancer effects of TQ have been fully documented in
literature. Several molecular mechanisms underlying these effects
were proposed. However, TQ anticancer effects remained poorly under-
stood [55]. Direct oxidative damage of DNA proposed by Gurung et al.
was not supported by the low redox potential of TQ (+0.5928 V)
compared to the redox potentials of guanine (+0.68 V) and adenine
(+0.97 V) bases of DNA [31,56,57]. Subsequently an indirect oxidation
mechanism might have been involved.

Therefore, this work aimed to investigate human telomere
G-quadruplex DNA (5′-AGGG(TTAGGG)3-3′) as a molecular target
for TQ's anticancer effects. Evidences for the interaction of TQ with
G-quadruplex and duplex DNAs were obtained using UV–vis, fluores-
cence, fluorescence quenching, circular dichroism and melting temper-
ature curves. Binding sites were inferred using solid and liquid
NMR as well as fluorescence quenching. Binding affinities were
estimated using Scatchard plots. Stoichiometry and selectivity of TQ
towards G-quadruplex over ds-DNA were also evaluated. Further
evidences on binding sites and binding affinities were obtained using
molecular docking. Up to our knowledge, interactions of small mole-
cules such as TQ with G-quadruplex DNA have not been considered in
literature.
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2. Experimental

2.1. Materials and reagents

All chemicals were of the highest analytical purity available. TQ was
purchased from Sigma-Aldrich (China). HPLC purified human telomere
DNA with sequence 5′-AGGG(TTAGGG)3-3′, complimentary strand 3′-
TCCC(AATCCC)3-5′ and fluorescein labeled 5′-Fl-AGGG(TTAGGG)3-3′
were purchased from Alpha-DNA (Montreal, Canada). Calf thymus
DNA (ct-DNA) extracted from male and female calf thymus tissues
and consists of 41.9 mol% G–C and 58.1 mol% A–T linkages was
purchased from Sigma-Aldrich (Germany). Its nominated molecular
weight is (10–15) × 106 Da. Millipore deionized water was used
throughout.

2.2. Apparatus

Absorption spectrophotometric measurements were carried out
using RJ-45 diode array single beam UV–vis spectrophotometer
matchedwith 1 cmquartz cells (Agilent Technologies, Austria). Fluores-
cence measurements were carried out using Cary Eclipse model-3
spectrofluorometer equipped with a high intensity Xenon flash lamp
and 1.0 cm path length quartz cell (Varian, Austria). NMR measure-
ments were made using Varian 400 MHz NMR (Varian, USA). CD
measurements were made using Jasco J-815 spectrometer (Jasco,
USA). The pHwas measured using Orion-401-Plus pHmeter supported
with Orion glass electrode.

2.3. Standard solutions

2.3.1. Buffer solution
A Tris–KCl buffer solution, 0.01 M in Tris–hydroxymethyl-

aminomethane, 0.001 M in EDTA and 0.1 M KCl, were prepared in
deionized water using the standard procedure. The pH was adjusted
to pH 7.4 using the glass electrode.

2.3.2. TQ solution
A 10−3 M TQ solution was prepared by dissolving 8.20 mg into

5.0 ml ethylene glycol. Resultant solution was made up to 50.0 ml
using deionized water. Solutions having lower concentrations were
prepared by appropriate dilution in Tris–KCl buffer.

2.3.3. DNA solutions

2.3.3.1. Human telomere DNA. Purchased synthetic ssDNA primers
with human telomere sequence; 5′-AGGG(TTAGGG)3-3′, fluorescein
labeled primer Fl-5′-AGGG(TTAGGG)3-3′ and complementary strand
3′-TCCC(AATCCC)3-5′ were reconstituted by centrifugation for 3.0 min
at 7000 rpm to collect DNA in the bottom of the tubes. A 2.0 ml Tris–
KCl buffer was added to each tube and left for 2.0 min for rehydration.
Solutions were vortexed for 30 s and reconstituted primers were kept
overnight at 4 °C.

2.3.3.2. G-quadruplex DNA. G-quadruplex DNA was prepared by gently
heating 1.0 ml of the stock telomere ssDNA solution up to 95 °C.
Resultant solution was incubated for 10.0 min at 95 °C, left to cool at
room temperature and then kept overnight at 4 °C in the fridge before
use.

2.3.3.3. Hybridization of telomere DNA oligonucleotides. A 1 × 10−4 M
telomere dsDNA was prepared by mixing equimolar amounts of 5′-
AGGG(TTAGGG)3-3′ (7.44 × 10−4 M) and its complementary strand
3′-TCCC (AA TCCC)3-5′ (2.71 × 10−4 M). The solution was made up to
2.0 ml using Tris–KCl buffer pH 7.4, vortexed for 15 s, incubated for
10.0min at 95 °C and left to cool to room temperature. Resultant hybrid-
ized dsDNA was kept in the fridge at 4 °C till use.
2.3.3.4. Calf thymus DNA. Calf thymus DNA (A 1000.0 μg/ml) was
prepared by dissolving 10.0 mg into 10.0 ml Tris–KCl buffer without
sonication or stirring. The solution was gently inverted overnight at
4 °C to prevent shearing and completely solubilize the large genomic
DNA. Resultant ct-DNA solution is stable for more than 6 months at
4 °C in Tris–KCl buffer pH 7–8. Lower concentrations were prepared
by accurate dilutions.

Concentrations of stock telomere ssDNA, fluorecine labeled DNA and
ct-DNA solutions were determined by diluting 10.0 μl of each solution
using Tris–KCl buffer (pH 7.4) to 1000.0 μl, vortexed for 15 s each and
scanned for their absorbance at 260 and 280 nm. Concentrations in
μg/ml were calculated using C(μg/ml) = A260 × weight per OD × dilution
factor, where OD is the optical density at 260 nm. The purity of oligonu-
cleotides was estimated based on the A260/A280 ratio. Ratios ≥1.8 were
considered indicative for high purity of synthetic and ct-DNA.

2.4. Procedures

2.4.1. UV–vis titration of DNA
UV–vis titration was conducted by adding successive amounts of

TQ (10.0 μl; 1 × 10−3 M) to 1.0 ml of G-quadruplex (1.44 × 10−6 M)
or ct-DNA (50.00 μg/ml) in Tris–KCl buffer, pH 7.4. After each addition,
solution was shacked, incubated for 3.0 min at room temperature and
scanned in the range of 200–600 nm.

2.4.2. Circular dichroism titration
CD titrations were conducted by adding successive amounts of TQ

(1 × 10−5 M) to 1.0 ml of G-quadruplex (3.6 × 10−6 M) or ct-DNA
(50.00 μg/ml) in Tris–KCl-buffer, pH = 7.4. After each addition, the
solution was shacked, incubated for 3 min at room temperature and
scanned for its CD spectra in the range of 200–400 nm against blank.
Spectra obtained were baseline corrected.

2.4.3. Fluorescence titrations
TQ was found to give fluorescence emission at λmax of 330 nm using

excitation λmax of 295 nm. Therefore, fluorescence titration was
conducted by adding successive portions (~10.00 μl) of G-quadruplex
(1.44 × 10−4 M) or ct-DNA (1000 μg/ml) to 3.0 ml TQ (2 × 10−4 M or
5 × 10−5 M) in Tris–KCL-buffer. After each addition, the solution was
stirred for 20 s, incubated for 3 min and scanned for emission spectra
in the range of 300–500 nm using slit width of 10.00 nm. Titration
stopped when no change in fluorescence intensity was observed.

Fluorescence quenching titrationwas done using fluorescein labeled
G-quadruplex DNA (Fl-G-quadruplex) whose emission λmax is 518 nm
at excitation λmax of 494 nm. The experiment was run by adding
successive amounts of TQ (1 × 10−5 M) to 3.0 ml of Fl-G-quadruplex
(1.99 × 10−6 M) in Tris–KCl-buffer, pH 7.4. After each addition, the
solution was stirred for 20 s, incubated for 3 min and scanned for its
emission spectra in the range of 500–700 nm using slit width of 5 nm.

2.4.4. Binding affinity
Binding affinities of TQ towards G-quadruplexDNA and ct-DNAwere

estimated using fluorescence titrations described in Section 2.4.3.
Variable DNA concentrations were added to constant TQ and followed
fluorometrically. Scatchard plots of r/Cf versus r were constructed.
According to Scatchard, r/Cf = nK − Kr where r is the number of
moles of TQ bound to one mol of DNA (Cb/CDNA), n is the number of
equivalent binding sites per molecule and K is the binding affinity of
TQ for those sites. The free and bound concentrations of TQ (Cf, Cb)
were calculated using Cf=Ctotal (1−α) and Cb=Ctotal− Cf, respective-
ly, where Ctotal is the total TQ concentration at zero addition. The fraction
of bound TQ (α) was calculated using the equationα= (Ff − F) / (Ff −
Fb) where Ff, F and Fb are fluorescence intensities at zero addition, after
each addition and at saturation, respectively. Scatchard plot gives a slope
equals K and intercept equals nK.



Fig. 1. (a) Effect of pH on TQ (1 × 10−5 M) using phosphate buffer (0.01 M), pH 3–11 and
(b) titration of G-quadruplex (2 × 10−6 M) with TQ (10−3 M).
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2.4.5. Stoichiometry
Stoichiometry of TQ's interactions with G-quadruplex and ct-DNAs

was determined using the molar ratio method. A 3.00 ml aliquot of TQ
(5 × 10−5 M) or (5 × 10−4 M) was mixed with different amounts of
G-quadruplex (1.44 × 10−4 M) or ct-DNA (1 × 10−7 M), respectively.
Measurements were made in Tris–KCl buffer pH 7 4.

Solutionswere scanned for their TQ fluorescence at emissionλmax of
330 nm and excitation λmax of 295 nm. Plots of fluorescence versus
molar ratios ([TQ] / [DNA]) were constructed.

2.4.6. Selectivity of TQ towards G-quadruplex
Selectivity of TQ towards G-quadruplex was investigated by mixing

a 3.00 ml solution that is 10−7 M in Fl-G-quadruplex and 10−7 M TQ
with 0.0, 10.0, 50.0 or 100.0 folds of hybridized telomere ds-DNA or
ct-DNA in Tris–KCl-buffer pH 7.4. Resultant solutions were vortexed
for 10 s, incubated at room temperature for 5 min and scanned for
their fluorescence in the range of 500–700 nm using the emission and
excitation wavelengths of Fl-G-quadruplex (λmax = 518 and λmax =
494 nm, respectively) and slit width of 5 nm.

2.4.7. Liquid and solid NMR
1H NMR and 13C NMR spectra of TQ (10−2 M) mixed with different

amounts of G-quadruplex (10−2M)were collected at 25 °C indeuterated
ethylene glycol (C4H4(OD)2) at observed frequencies of 399.731 and
100.512 MHz, respectively. 1H NMR spectra were recorded using 45.0°
pulse angle, 1.00 s relaxation delay, 2.049 s acquisition time and
6410.3 Hz spectral width into 64 repetitions. Decoupled 13C NMR spectra
were collected using 45.0° pulse angle, 1.0 s relaxation delay, 1.30 s
acquisition time, 24,509 Hz spectral width and 0.5 Hz line broadening
into 18,000 repetitions.

Solid 13C NMR spectrum of ct-DNA was collected using 50.0 mg
ct-DNA packed into the sample's rotor. TQ–ct-DNA complex was pre-
pared by mixing 50.00 mg of DNA dissolved into 10.0 ml deionized
water with 25.0 mg TQ dissolved in 0.5 ml ethanol. The solution was
thoroughly mixed, incubated for 1 h then dried in vacuum. Resultant
solid residue was packed into the sample's rotor and scanned for 13C
NMR. Spectra were collected at 25 °C using 5.00 s relaxation delay
time, 0.04 s acquisition time, 6.00 μs pulse width, 40,322.6 Hz signal
width into 8877 repetitions and line broadening of 40.00 Hz.

2.4.8. Melting temperature curves
Melting temperature curves for G-quadruplex, ct-DNA and their TQ

adduct complexes were constructed using CD measurements. A 1.0 ml
of telomeric G-quadruplex (2.76 × 10−6 M) or ct-DNA (35.00 μg/ml)
in Tris–KCl-buffer, pH 7.4 was heated up from 25 to 95 °C in 5 °C
increments applying 5.0 min incubation intervals. CD spectra were
recorded in the range of 200–400 nm at each temperature.

TQ–G-quadruplex complex was prepared by mixing TQ (72.0 μl;
10−3 M) with G-quadruplex (48.0 μl; 5.74 × 10−4 M) while TQ–ct-
DNA complex was prepared by mixing TQ (60.0 μl; 10−3 M) with
ct-DNA (35.0 μl; 1000 μg/ml) and made up to 1.0 ml using Tris–KCl
buffer pH7.4. Solutionswere scanned for their CD spectra and intensities
at 292 nm for or at 278 and 273 nmwere recorded.Melting temperature
curves for TQ–G-quadruplex and TQ–ct-DNA were respectively
constructed.

3. Results and discussion

3.1. UV–vis absorption spectrometry

Ethylene glycol has been reported as non-denaturizing and doesn't
affect the conformation of DNA [58]. Therefore, it was used as a co-
solvent to improve the solubility of TQ in our study. TQwas found stable
in ethylene glycol over several days, if protected from light and kept in
fridge. However, freshly prepared solutions were used throughout this
study. The p-benzoquinones have four absorption bands in UV–vis
region. A strong band at 250 nm (ε = 20,000) and a weak band at
300 nm (ε = 320) were ascribed to π–π* transitions. The other two
bands are shown at 400–500 (ε = 20–30) and 540 nm (ε = 0.2) as
very weak and attributed to n–π* singlet–singlet and singlet–triplet
transitions, respectively [59]. In this work, we tested the effect of
ethylene glycol on G-quadruplex confirmation using CD spectrometry.
Ethylene glycol up to 20% was found ineffective as indicated in the
provided supplementary materials. Therefore a 10% ethylene glycol
was adopted in this study to improve the solubility of TQ.

Fig. 1a shows the UV–vis spectra of TQ in 10% ethylene glycol. The
observed strongband at 258 nmandweak band at 295 nmare attributed
toπ–π* transitions. Bands at longerwavelengths areweak enough to not
be observed. The effect of pH on TQ is also shown in Fig. 1a. TQ was
shown to be stable in the pH range of 3–9. At pH N10, the 258 nm
band dramatically decreased. The reason could be attributed to the
conversion of TQ into the mono- and di-peroxy-p-thymoquinone
resulted in the disappearance of the π bonds in the ring (C5 = C6,
C2 = C3, Scheme 1) [60]. Since pH 7.4 is optimum for G-quadruplex
formation and both ct-DNA and TQ are quite stable at this pH, it was
used throughout this study.

Fig. 1b shows the UV–vis titration of TQ (10−3 M) with
G-quadruplex DNA. The DNA band at 260 nm clearly interfered with
the TQ absorption band at 258 nm. Therefore, the absorbance at
260 nm increased upon the additions of DNA. Applications of first and
second derivative spectral processing to convolute the two bands did
not succeed to resolve this interference. Subsequently, evidences on
interactions between TQ and DNA were collected using circular dichro-
ism, fluorescence, NMR,melting temperatures and docking simulations.

3.2. Circular dichroism

G-quadruplex forms several structural conformations depending on
the sequence, length and environment of DNA. Human telomeric DNA



Fig. 3. Fluorescence titrations of (a) TQ (5 × 10−5 M) with telomeric G-quadruplex
(1.44 × 10−4 M) and (b) Fl-G-quadruplex (1.98 × 10−6 M) with TQ (1x10−3 M) in
KCl-buffer pH= 7.4.
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sequence forms antiparallel structures in the presence of Na+

and hybrid structures in the presence of K+ in solutions [61]. Fig. 2a
shows the CD spectrum of our 22 base telomere G-quadruplex DNAs,
(AGGG(TTAGGG)3). The appearance of a negative band centered at
235 nmand two positive bands at 253 and 293 nm indicated the forma-
tion of a hybrid (parallel–antiparallel) structure. Similar findings were
reported by Ambrus and Tan [62,63].

Additions of TQ to this telomeric G-quadruplex structure resulted in
the CD spectral changes shown in Fig. 2b. Intensities of the three bands
at 235, 253 and 293nmdecreasedupon additions of TQ at the beginning
of titration. At higher concentrations of TQ, the positive band at 293 nm
slightly red shifted and the positive band at 253 nm gradually trans-
formed to a negative band at 258 nm.

Changes in intensity of CD spectra during titration have been corre-
latedwith the bindingmode of drug's interaction on DNA. A decrease in
CD intensity has been correlatedwith intercalation-bindingmodewhile
an increase was correlated with groove-binding mode [64]. Transfor-
mation of positive bands to negative ones has been correlated with
conformational changes from hybrid to antiparallel G-quadruplex
structure [8,65].

Subsequently, decreases in the CD intensities upon sequential
additions of TQ in Fig. 2b may indicate an intercalation binding mode
inwhich TQ binds toG-quartets byπ–π stacking. Increase in CD intensity
of the 293 nm band at higher TQ's concentration might indicate binding
onto a different binding site (loop or G-quartet planes of G-quadruplex).
The transformation of the 253 nm positive band to the negative one at
258 nm indicated a change in conformation of G-quadruplex from
hybrid to antiparallel structure upon interaction with TQ [8,65].

These findings clearly indicated that TQ has interacted with
G-quadruplex. The results suggest an intercalation binding of TQ on
G-quadruplex through π–π stacking associated with structural change
from hybrid into parallel conformation. They also suggest the presence
of dependent binding sites on G-quadruplex.

3.3. Fluorescence spectrometry

Interaction of TQ with G-quadruplex DNA has been further
confirmed using fluorescence spectrometry. Fluorescence spectra of
TQ in Tris–KCl buffer are shown in Fig. 3a. TQ was found to give a
weak fluorescence peak at 330 nm when excited at 295 nm. Excitation
of TQ using its absorption band at 258 nm gave no fluorescence. The
fluorescence peak at 330 nm is attributed π*–π transition and has
been used for investigating the interaction of TQ with DNA [59].

Fig. 3a shows the changes in fluorescence spectra of TQ upon
sequential additions of G-quadruplex. Gradual decrease in fluorescence
intensity associated with slight red shift of the 330 nm band indicated
Fig. 2. (a) CD spectrum of telomeric G-quadruplex (3.6 × 10−6 M) and (b) CD titration
of telomeric G-quadruplex (3.6 × 10−6 M) with TQ (1.0 × 10−3 M) in Tris–KCl buffer
pH= 7.4.
an interaction process between TQ and G-quadruplex DNA molecules.
To exclude the effects ofmolecular aggregation and/or change in density
ofMolecular aggregation in Fl-G-quadruplex solutionwas also excluded
by following up its fluorescence solution on fluorescence emission of
TQ during titration, an experiment based on fluorescein labeled
G-quadruplex was conducted.

Fl-G-quadruplex (5′-Fl-AGGG(TTAGGG)3) has afluorescence band at
518 nm when excited at 494 nm. Addition of TQ to FL-G-quadruplex
resulted in quenching the fluorescence emission at 518 nm (Fig. 3b).
This experiment indicated an interaction mechanism in which TQ
bonded in close proximity to the fluorescein moiety of Fl-G-quadruplex
molecule. Since FL molecule is connected to the 5′ prime, one may
infer that TQ binds more adjacent to the TTA loop cavity rather than to
the G-quartet interstitial planes. These results were confirmed by testing
the effect of TQ on fluorescein compound. The supplementary data
provided showed that TQ does not interact with fluorescein intensity
at 518 nm over time. A 24 hours' time interval was found ineffective.

Therefore, results from fluorescence measurements confirmed an
interaction process between TQ and G-quadruplex DNA. These results
suggested that TQ has bonded in close proximity to the fluorescein
moiety i.e. near to the TTA loop. The results are also consistent with
findings obtained from CD measurements.
3.4. Binding affinity of TQ towards DNA

Binding affinities of TQ towards G-quadruplex and ct-DNA were
estimated using Scatchard plots. A straight line Scatchard relationship
of (r/Cf) versus r generally indicates the presence of one type of binding
site or different types of independent and equivalent binding sites
on DNA molecule. On the other hand, a nonlinear correlation curve
indicates the presence of more than one type of dependent binding
sites in which binding on one site suppresses/encourages binding on

image of Fig.�2
image of Fig.�3


Fig. 4. Scatchard plots for the interactions of (a) TQ (5.0× 10−5M)with G-quadruplex (1.44× 10−4M) and (b) TQ (5× 10−4M)with ct-DNA (1× 10−7M). TQfluorescencewas recorded
at 330 nm as λmax of emission using 295 nm as λmax of excitation.
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the other site. This phenomenon is known as neighbor exclusion effect
[66].

Fig. 4 shows Scatchard plots obtained from fluorescence titrations of
TQ with G-quadruplex DNA (4a) and ct-DNA (4b). The two plots are
nonlinear indicating the presence of more than one type of dependent
binding sites. Nonlinear regressions of these plots were calculated
using the Origin software. Interaction of TQ with G-quadruplex DNA
revealed a binding constant K = 6.88 × 105 M−1 and a number of
binding sites n = 5.86 per each G-quadruplex molecule (Fig. 4a). Simi-
larly interaction of TQ with ct-DNA revealed a binding constant K =
3.82 × 104M−1 and binding sites n= 31,065 per each ct-DNAmolecule
(Fig. 4b).

On the other hand, analyses of the nonlinear curves gave two
intersecting lines indicating the presence of two types of binding sites
on each DNA molecule. Linear regressions of the two lines on the
TQ–G-quadruplex interaction curve revealed a high-affinity site, K =
1.12 × 107 and a low-affinity site, K = 1.80 × 105 M−1 with n = 6
and n = 5.5 binding sites per G-quadruplex molecule, respectively
(Fig. 4a and Table 3). Similarly, linear regressions of the two lines on
the TQ–ct-DNA interaction curve gave a high-affinity binding site,
K = 1.45 × 105 and a low affinity site, K = 1.04 × 104 M−1 with n =
2.13 × 104 and n = 3.89 × 104 binding sites per ct-DNA molecule,
respectively (Fig. 4b and Table 3) [67].

These results suggest that TQ intercalates to G-quadruplex and ct-
DNA through π–π stacking on one or two types of dependent binding
Fig. 5.Molar ratio methods for the interactions of: (a) TQ (5.0 × 10−5 M) with G-quadruplex (1
recorded at 330 nm as λmax of emission using 295 nm as λmax of excitation.
sites. Intercalation on the high affinity site seems to occur first, followed
by the low affinity site. Both types of sites are having equivalent number
of binding sites, n≈ 6 for G-quadruplex and≈3×104 for ct-DNA. These
values reflect one binding site per each two base pairs on G-quadruplex
molecule and 1–2 binding sites per each base pair on ct-DNA molecule.
The binding constants indicated that TQ has 20–80 higher affinity
towards G-quadruplex compared to ct-DNA. The lower affinity of TQ
towards ct-DNA may be attributed to the higher hydrophobicity of
the ct-DNA's grooves compared to that between the G-quartets of
G-quadruplex.
3.5. Stoichiometry of TQ interaction with G-quadruplex

Stoichiometric ratios of TQ:G-quadruplex and TQ:ct-DNA were
estimated using the molar ratio method. Fig. 5 shows the variations of
fluorescence intensities of TQ at 330 nm versus molar ratio [DNA] /
[TQ]. Two stoichiometric ratios were identified for the interaction of
TQ with each of G-quadruplex and ct-DNA.

G-quadruplex formed two stoichiometric ratios around 1:6 and 1:12
indicating the presence of two types of binding sites with n = 6–7 sites
perG-quadruplexmolecule (Fig. 5a). The two ratios for ct-DNA indicated
two types of binding siteswith n= 2.4104 and 4.4 × 104 (Fig. 5b). These
values are roughly equivalent to one binding site per each two base
pairs on G-quadruplex molecule and 1–2 binding sites per each base
.44 × 10−4 M) and (b) TQ (5 × 10−4 M) with ct-DNA (1 × 10−7 M). TQ fluorescence was

image of Fig.�4
image of Fig.�5


Fig. 6. Effect of adding 0, 10, 50 and 100 concentration folds of ct-DNAand telomere duplex as interfering species on TQ–Fl-G-quadruplex complex. (a) Effect of adding ct-DNA to a solution
prepared bymixing equal volumes (100 μl) of TQ and Fl-G-quadruplex (5× 10−10M each). (b) Effect of adding telomere duplex to a solution prepared bymixing equal volumes (100 μl) of
TQ and Fl-G-quadruplex (5× 10−10M each). The total volumewasmade up to 2.00ml using Tris–KCl buffer pH7.4. (c) Changes influorescence intensity of Fl-G-quadruplex (5 × 10−7M)
upon additions of telomere duplex and ct-DNA in the presence and absence of TQ, (d) CD titration of ct-DNA (4× 10−9M; 50 μg/ml)with TQ (5× 10−5M), (e)fluorescence titration of TQ
(5 × 10−5 M) with ct-DNA (8 × 10−8 M; 1000 μg/ml). All measurements were made in Tris–KCl buffer pH= 7.4.
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Fig. 7. (a) 1H NMR spectrum of TQ (1 × 10−2 M), (b) 1H NMR spectrum of 1:1 TQ: G-quadruplex, (c), 13C NMR spectrum of TQ (1 × 10−2 M) and (d) 13C NMR spectrum of 1:1 TQ–
G-quadruplex. Spectra are measured in ethylene glycol (CH2OD)2.
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Table 1
Assignments of 1H and 13C NMR signals of TQ and changes in their chemical shift upon complex formation with G-quadruplex.

1H NMR 13C NMR

δppm Assignment Δδppm δppm Assignment Δδppm

1.13 Methyl protons of the isopropyl group 0.01 21.59 C8, isopropyl group 0.02
3.02 Methylene proton of the isopropyl group 0.01 27.26 C7, isopropyl group 0.01
2.97 0.02
2.08 Methyl protons of the methyl group 0.0 15.36 C9, methyl group 0.03
6.57

Methylene protons of the benzoquinone ring

0.0 131.03 C6, benzoquinone ring 0.02
6.63 0.0 134.38 C5, benzoquinone ring 0.01
6.66 0.0 146.32 C4, benzoquinone ring 0.03
6.77 0.0 155.55 C3, benzoquinone ring 0.01

188.60 C2, carbonyl carbon 0.04
189.67 C1, carbonyl carbon 0.04
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pair on ct-DNA. These results are consistentwith the number of binding
sites calculated using Scatchard plots [68].

The small size, planarity of π system and flexibility of the isopropyl
group may explain why six TQ molecules are bound to each site on
G-quadruplex molecule. TQ is possibly intercalated to G-quadruplex
by π–π stacking. It seems from our results that the high affinity site is
first occupied by six TQ molecules followed by another six on the low
affinity site in a dependent fashion. A similar scenario could be used to
interpret binding of TQ on ct-DNA binding sites.

3.6. Selectivity of TQ towards G-quadruplex

Selectivity of TQ towards G-quadruplex was estimated using 0.0,
10.0, 50.0 or 100.0 folds of hybridized telomere ds-DNA or ct-DNA,
added to the complex formed by mixing equimolar amounts of TQ
and Fl-G-quadruplex (Section 2.4.6). Fluorescence intensity at 518 nm
was found to slightly decrease with the increasing concentrations of
telomere duplex or ct-DNA interfering species from zero to 100 folds
(Fig. 6a and b). If duplex DNAs are interfering, they would have
increased the fluorescence intensity by taking out TQ from the complex
and releasing Fl-G-quadruplex free. In another experiment, we tested
the effect of telomere duplex and ct-DNA on Fl-G-quadruplex in the
absence of TQ. No change in fluorescence intensity was observed indi-
cating no interaction between duplex DNA and Fl-G-quadruplex
(Fig. 6c, also see the Supplementary material). In a third experiment,
interaction of TQwith ct-DNAwas confirmed using CD andfluorescence
titrations. Changes in CD spectra and decrease in fluorescence intensity
at 330 nm indicated that ct-DNA interacts with TQ (Fig. 6d and e).

These results are surprising. It indicates that TQ selectively binds
to G-quadruplex. Decrease in fluorescence intensity of TQ–Fl-G-
quadruplex mixture upon addition of duplex DNA may also indicate
that addition of duplex DNA enhanced the interaction of TQ with Fl-G-
quadruplex. The reason may be attributed to the increase of solution
crowdedness that pushes TQ towards G-quadruplex. Other yet
unknown reasons may also possible.

Selectivity coefficients were calculated according to Wang et al. by
measuring the fluorescence signals in the presence and absence of
interfering molecules [69]. Selectivity coefficients of 2.80 × 10−3

and 3.33×10−3were obtained for telomere duplex and ct-DNA, respec-
tively. These results suggest that TQ selectively binds and stabilizes
G-quadruplex DNA over duplex DNA.

3.7. NMR spectrometry

Interaction of TQ with G-quadruplex and ct-DNA was further con-
firmed using 1H NMR and 13C NMR. Spectra were collected in ethylene
glycol – as a safe media for DNA conformation – using the experimental
parameters described in Section 2.4.7 [58]. A second experiment was
performed in aqueous solution using a 700 MHz NMR spectrometer.
The results of this experiment are provided as Supplementary material
and planned for a future paper. In additions, a solid state NMR experi-
ment was performed to further confirm interaction of TQ with ct-DNA.

3.7.1. Liquid NMR spectra
Fig. 7 shows the 1HNMR spectrum of TQ collected in ethylene glycol.

The quartet and multiplet signals at 1.13 ppm and 3.02 ppm are attrib-
uted to the methyl and methylene protons of the isopropyl group,
respectively. The signal at 2.08 pm is attributed to the methyl protons
of the methyl group. The two doublets at 6.52 and 6.66 ppm are attrib-
uted to the two methylene protons on the benzoquinone ring. Splitting
of these signals is possibly attributed to partial coupling with the adja-
cent methyl protons. Signals' integration supported our assignment.
The ethylene glycol protons were shown at 3.716 ppm and removed
from the pattern for clarification.

Fig. 7c shows the 13C NMR of TQ. The signals at 21.59 and 27.26 ppm
are attributed to the methyl carbon of the isopropyl group (C8) and the
methylene carbon of the isopropyl group (C7), respectively. The signal
at 15.36 pm is attributed to the methyl carbon of the methyl group
(C9) while the signals at 131.03, 134.38, 146.32 and 155.55 ppm are
attributed to carbons C3, C6, C5 and C2 of the benzoquinone ring. The
signals at 188.60 and 189.67 ppm are attributed to the carbonyl carbons
(C4 and C1). The methylene carbon of ethylene glycol was shown at
63.71 ppm and removed for clarification.

Addition of G-quadruplex to TQ resulted in up-field shifting the 1H
NMR signals at 3.02 and 2.97 ppm by ±(0.01–0.02) ppm and the 13C
NMR signals by 0.01–0.04 ppm (Fig. 7c and d and Table 1). These
findings are similar to the findings reported by Boudreau et al. [70].
Up-field shifts of protons and carbons NMR signals of TQ can be attrib-
uted to their shielding upon intercalationwith G-quadruplex. Structural
effects such as steric compression, base stacking or ring current are
normally responsible for shielding effects. The magnitude of shielding
and subsequently changes in chemical shifts are also dependent on
the concentration of DNA added to TQ [70].

In the second experiment, changes in 1H NMR signals of DNA upon
binding with TQ were investigated in aqueous buffer solution. 1H NMR
spectrum of 5.0 μmol G-quadruplex is shown in the Supplementary
Fig. 2. The signals in the ranges of 5.00–8.00 and 8.00–10.00 ppm are
attributed to the aromatic protons of nucleotide bases and amino
protons. The signals in the range of 10.00–12.00 ppm are attributed to
the imino protons from Hoogsteen hydrogen bonding between
guanines in the tetrads in G-quadruplex. Addition of 0.75 μmol TQ to
the G-quadruplex resulted in significant decreases in intensities of
amino and imino protons associated with up-field shifts by around
0.1 ppm.

Changes in chemical shifts of the above signals and decreases in their
intensities indicated structural alteration of G-quadruplex upon binding
with TQ. Decreases in signals' intensities of imino proton have been
rationalized based on loss of hydrogen bonding anddisrupting structural
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Fig. 8. Solid state 13C NMR spectra of (a) ct-DNA (50.00 mg) and (b) TQ–ct-DNA complex (50.00 mg ct-DNA mixed with 25.00 mg TQ).
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integrity of G-tetrads. These effects result in weakening the hydrogen
bonding upon addition of TQ. These findings are consistent with the
above results from CD andNMR and indicate that TQ is possibly interca-
lated to G-quartets throughπ–π stacking. Similarfindingswere reported
by Walter and coworkers [71].

3.7.2. Solid NMR spectra
Solid NMR is a well suited tool for characterizing DNA interactions

with small molecules. In this experiment, interaction of TQ with
ct-DNA was further confirmed using solid-state NMR. Fig. 8a shows
the 13C solid NMR spectra of ct-DNA and TQ-ct-DNA complex collected
according to the experimental parameters described in Section 2.4.7.
Aliphatic carbons of sugar are located in the up field side of the spectra
whereas quaternary carbons of nucleotide basses are on the downfield
side. Signals around 50, 30, 35, and 60 ppm are attributed to the hemi-
acetal Cl′, aliphatic methylene C2′, secondary phosphate ester C3′,
secondary hemiacetal ether C4′ and the primary phosphate ester C5′,
respectively (Table 2) [72].

Fig. 8b and Table 2 also show changes in chemical shifts upon com-
plexation with TQ. Carbons were de-shielded by magnitudes ranged in
0.20–1.17 ppm. The C2′ carbon class exhibited the largest changes in
chemical shifts (−0.79 ppm) compared to C1′, C3′, C4′ and C5′
(−0.58–0.59 ppm). These changes were attributed to alterations in
sugar pucker, glycosyl torsion angles and dynamic pseudorotational
states occupied by DNA sugars [72]. Carbons of nucleotide bases were
also shifted downfield by larger Δδ values for thymine and adenine
bases (−1.17 and – 0.39 ppm, respectively) compared to G and C
(−0.39–0.4 ppm) (Table 2). These changes in solid NMR spectra indi-
cated a binding interaction of TQ to ct-DNA. Larger changes in chemical
shifts of A–T signals may indicate a preferentially binding of TQ to A–T
bases. Changes in sugar resonances are consistent with changes in
nucleotide bases.

These findings support our above conclusions about structural
changes in DNA upon complexationwith TQ. Changes in chemical shifts
are similar to previously reportedmagnitudes of chemical shift's chang-
es [71,73]. Results also suggest that TQ is preferentially intercalated on
A–T minor groove of the oligonucleotides.

3.8. Melting temperature (Tm)

Melting temperature, the temperature at which hybridized DNA is
denaturized, is used to evaluate capabilities of small molecules to



Table 2
Assignment of solid 13CNMRsignals of ct-DNAand change in their chemical shift upon com
plex formation with TQ. Chemical shifts in parenthesis are values reported in literature.

δppm Assignment Δδppm

12.80 Thymine-CH3 −0.39
40.04 Aliphatic methylene C2′ −0.79
67.08 Hemiacetal Cl′ −0.59
85.30 Secondary phosphate ester C3′ and secondary

hemiacetal ether C4′
−0.58

96.28 Primary phosphate ester C5′ or cytosine C5 (94.4) –

112.54 Thymine C5 (112.9) −1.17
118.22 Adenine C5 (117.3) −0.19
137.43 Adenine C8 (137.3) or thymine C6 (136.3) −0.20
151.93 Adenine C2 & C4 (149.4) −0.39
156.04 Adenine C6 (156.1)

Less possible: Guanine C2 & C4 (157.1) or thymine C2 (154.4)
−0.39

166.63 Cytosine C4 (168.7) −0.40

Fig. 9.Melting temperature curves of G-quadruplex ( ), TQ–G-quadrupl
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stabilize DNA. The capability of TQ to stabilize G-quadruplexes and ct-
DNA was estimated using CD measurements and 1:1 (TQ:DNA) molar
ratios (see Section 2.4.2). Bigger Tm values could have been obtained if
bigger molar ratio was used. Fig. 9 shows the melting temperature
curves of G-quadruplex, ct-DNA and their TQ complexes. The figure
shows that TQ stabilized G-quadruplex by ΔTm = +5.6 °C, (Tm,TQ–G-

quadruplex − Tm,G-quadruplex = 71.2 − 65.6 = +5.6 °C) and destabilized
ct-DNA by ΔTm = −5.1 °C, (Tm,TQ–ct-DNA − Tm,ct-DNA = 80.0–
85.1 = − 5.1 °C). These results indicated that TQ stabilized G-
quadruplex anddestabilized ct-DNA structures bynearly the samemag-
nitudes. Similar ΔTm values were obtained by Ma and coworkers [74].
Stabilizing G-quadruplex and destabilizing ct-DNA are consistent with
the values of binding constants obtained from Scatchard plots
(Table 3). TQ showed 100 times higher binding affinity towards G-
quadruplex over duplex. Destabilization of duplex DNA by TQ
(K ≅ 104) is similar to results reported for adriamycin and macrocyclic
lanthanide complexes as DNA destabilizers while their binding con-
stants K ≅ 107 and ~105 M−1, respectively [75–77].

Thus, our melting temperature experiment gave an additional evi-
dence for the preferential selectivity of TQ to stabilize G-quadruplex
ex com
over duplex DNA. It also supported the suggestion of binding to G-
quartet of G-quadruplex in the vicinity of the TTA loops by π–π stacking.

3.9. Molecular docking simulation

To further assure the above results, we found it important to get an
additional proof on stabilizing G-quadruplex by TQ using molecular
docking simulation. DOCK 6.4 programwas used for docking simulation
[78] and discovery studio program [79] was used for constructing the
TQ molecule. G-quadruplex structure was taken from the human
telomeric intramolecular quadruplex structure (PDB ID # 3UYH). The
3D grid box covered the whole DNA with size of 3.5 × 4.5 × 3.9 nm3.
Scores for docking simulation are the approximate binding energies.
Docking score for the ligand onDNAwas represented by various energy
terms such as electrostatic energy, van derWaals energy, and solvation
energy.

Fig. 10 shows that TQ binds to G-quadruplex on two binding sites
located near the loop regions. The first binding site is close to T17, T18
and A19 loop with grid score of −19.5 kcal/mol (low affinity site).
The second binding site is in the T11, T12 and A13 loop with grid
score of −26.2 kcal/mol (high affinity site).

These findings are in good agreement with our results obtained by
NMR, fluorescence and CD measurements. These results are also in
good agreement with the results obtained by Di Leva et al. [80].

4. Conclusion

TQ has been documented in numerous cancer studies in animal
models, culture and xenografted tumors to possess chemo-preventive
and chemotherapeutic antitumor effects. Underlying mechanisms
based on inductions of cell cycle arrest, apoptosis, oxidative damage of
cellular macromolecules, blockade of tumor angiogenesis and suppres-
sions in migration, invasion and metastasis of cancer cells were pro-
posed. Various molecular targets were provided in support of each
mechanism. Direct oxidative damage of DNA was not supported by
the low redox potential of TQ compared to the redox potentials of
guanine and adenine bases on DNA.

In this work, human telomere G-quadruplex DNA was investigated
as a molecular target for TQ using UV–vis, CD, fluorescence, NMR,
melting temperature and molecular docking simulation. Spectral
changes, melting temperature curves and docking simulations provided
evidences for the interaction of TQ with G-quadruplex.

Fluorescence and NMR results indicated that TQ bound close to
the TTA loop of G-quadruplex. Scatchard plots revealed nonlinear re-
gression with binding constant K = 6.88 × 105 M−1 and n = 5.86
binding sites per G-quadruplex molecule. Analysis of Scatchard plot
plexes ( ), ct-DNA ( ) and TQ–ct-DNA complex (—∙—∙—).



Table 3
Binding constants and number of binding sites per G-quadruplex molecule and ct-DNA molecule towards TQ.

Binding site G-quadruplexa ct-DNAa

Binding constant K (M−1) Number of binding sites
per DNA molecule (n)

Binding constant
K (M−1)

Number of binding sites
per DNA molecule (n)

S.M. M.R.M. S.M. M.R.M.

Site 1 1.8 × 105 5.5 7.2 1.06 × 104 2.13 × 104 2.43 × 104

Site 2 1.12 × 107 6.0 6.7 1.45 × 105 3.89 × 104 4.44 × 104

S.M. refers to Scatchard method and M.R.M. refers to molar ratio method.
a Calculations are based on molecular weights of 6967 and 107 Da for G-quadruples and ct-DNA, respectively.
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into two lines revealed two binding sites with K = 1.12 × 107 and
1.80 × 105 M−1 and n = 6 and 5.5 per G-quadruplex molecule, re-
spectively. Similarly interaction of TQ with ct-DNA revealed
nonlinear Scatchard's plot with K = 3.82 × 104 M−1 and n =
31,065. Analysis of this plot into two linear regressions gave K =
1.04 × 104 and 1.45 × 105 M−1 with n = 2.4–4.4 × 104. These num-
bers are roughly equivalent to two sites per each G-quartet on G-
quadruplex and 1–2 binding sites per each base pair on ct-DNA.
Spectral changes gave no evidence for oxidation of G-quadruplex
nucleotide bases by TQ.

Melting temperature curves indicated that TQ stabilized human
telomere G-quadruplex by +5.6 °C while destabilized duplex ct-DNA
by −5.1 °C. Selectivity coefficients of 2.8 × 10−3 and 3.33 × 10−3

were respectively obtained for TQ's interaction with telomere G-
quadruplex over duplex human telomere DNA and ct-DNA.

Docking simulation confirmed the presence of two types of binding
sites on G-quadruplex close to T17–T18–A19 and T11–T12–A13 loops.
The first site is of low affinity with grid scores of −19.5 kcal/
mol while the second one is of high affinity with grid score of and
−26.2 kcal/mol.

These results indicated that TQ can possibly act as G-quadruplex
stabilizer and subsequently contribute to telomerase inhibition, cell
apoptosis and inhibition of cancer proliferation. The results re-
present a change in reported anticancer mechanisms of TQ and in
the paradigm of structural features for G-quadruplex stabilizers
previously reported.
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