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a b s t r a c t

Guanine rich sequences present in the promoter region of oncogenes could fold into G-quadruplexes and
modulate transcription. Equilibrium between folding and unfolding of the quadruplexes in these regions
play important role in disease processes. We have studied the effect of a putative anticancer agent
chelerythrine on G-rich NHE III1 present in the promoter region of c-myc oncogene. We have demon-
strated the ability of chelerythrine, a telomerase inhibitor, to block the hybridization of Pu27 with its
complementary strand via folding it into a quadruplex structure. Calorimetry shows that the association
of Pu27 with chelerythrine is primarily enthalpy driven with high binding affinity (~105 M-1). The as-
sociation does not lead to any major structural perturbation of Pu27. The resulting 2:1 complex has
enhanced stability as compared to free Pu27. Another notable feature is that the presence of molecular
crowding agent like ficoll 70 does not change the mode of recognition though the binding affinity de-
creases. We suggest that the anticancer activity of chelerythrine could be ascribed to its ability to sta-
bilize the quadruplex structure in the c-myc promoter region thereby downregulating its transcription.

© 2015 Elsevier Inc. All rights reserved.
1. Introduction

The human oncogene, c-myc, plays an important role in many
cellular events and its overexpression is related to an increase of
cellular proliferation in a variety of malignant tumors. Guanine-
rich nuclear hypersensitive element III1, present in its promoter
region controls 80e90% of the transcription activity of c-myc
[1e5]. Previous reports have shown that this 27 nucleotide
guanine-rich sequence (Pu27, Table T1), downregulates c-myc
transcription upon folding into a quadruplex structure which acts
as a transcriptional repressor element [3,6e12]. Several small
molecules which can induce and stabilize this quadruplex struc-
ture are, therefore, putative agents to downregulate c-myc
expression [13].

A large number of plant alkaloids and their derivatives are
known to possess anticancer activity and recent studies have
shown that association with quadruplex DNA might be a possible
mechanism [7,8,14e20]. Earlier reports from our laboratory have
attributed the quadruplex binding potential of the plant alkaloids
gupta).
sanguinarine (SGR, Fig. 1A(i)) and ellipticine as one of the plausible
mechanisms of their potentials as anticancer agents [16,17]. Among
these two small molecules, SGR is structurally similar to cheler-
ythrine (CHL) (Fig. 1A(ii)), the molecule studied in the current
report. Here we have reported that association of CHL with Pu27
blocks its hybridization with the complementary strand leading to
an inhibition of its extension by polymerase. We have studied the
association of CHL with Pu27 and the subsequent structural alter-
ation, if any, of the quadruplex. The ability of CHL to specifically
inhibit protein kinase C is currently the proposed mechanism put
forward for its anticancer activity [21]. Our results suggest that
targeting quadruplex DNA formed by the sequence upstream of c-
myc oncogene is an additional mechanism by which CHL might
impart its anticancer activity.

A variety of biomolecules are present inside the living cells
leading to a molecular crowded environment optimized for bio-
molecular functions [22e24]. The structure and stability of some
types of G-quadruplexes are also altered in the presence of mo-
lecular crowding agents. A priori one can anticipate that it might
affect their molecular recognition by ligands. Therefore, we have
also reported here the effect of molecular crowding with ficoll as
the molecular crowding agent on the association between CHL and
Pu27.
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Fig. 1. (A) Chemical structure of (i) sanguinarine (SGR) and (ii) chelerythrine (CHL). The protonated form intercalates into double stranded DNA. (B) Schematic representation of
PCR-stop assay. The experiments were run in triplicate with indicated amounts of the molecule.

S. Ghosh, D. Dasgupta / Biochemical and Biophysical Research Communications 459 (2015) 75e8076
2. Materials and methods

2.1. Materials and preparation of stock solutions

CHL, SGR, potassium phosphate monobasic, potassium phos-
phate dibasic, potassium chloride, sodium acetate, acetic acid,
ficoll 70, acrylamide/bisacrylamide solution and desalted and
HPLC purified oligomers (Table T1) were purchased from Sigma
Chemical Corporation, USA. Phusion high-fidelity DNA polymer-
ase was obtained from Thermo Scientific. SYBR Green I nucleic
acid gel stain was obtained from Invitrogen, USA. Ultra low range
DNA ladder was obtained from Fermentas. All buffers were pre-
pared in MilliQ water from Millipore Water System, Millipore,
USA and filtered through 0.1 mm filters from Millipore, USA prior
to use.

CHL, SGR, quadruplex and duplex DNA were prepared using
standard protocol [16,17,25]. The concentrations of the oligomers
were determined by absorbance measurement using molar
extinction values (ε) as listed in Table T1. To study the effects of
molecular crowding on Pu27-CHL interactions, Pu27 was dis-
solved in 10 mM potassium phosphate buffer, pH 6.8, containing
150 mM KCl in presence of 40% (w/v) ficoll 70. All experiments
were carried out in 10 mM potassium phosphate buffer, pH 6.8,
Table 1
Dissociation constant (determined from absorbance studies and ITC) and stoichi-
ometry for the interaction of chelerythrine and Pu27 in the absence and presence of
ficoll in 10 mM potassium phosphate buffer pH 6.8 containing 150 mM KCl.

System Dissociation constant, Kd (mM) at 25 �C Stoichiometry

Absorption ITC

Pu27-CHL (dilute) 2.54 ± 0.20 3.58 ± 0.65 1:2 (Job Plot)
Pu27-CHL (MC)a 4.11 ± 0.24 ND 1:2

a MC-molecular crowding with 40% (w/v) ficoll 70, ND-not determined.
containing 150 mM KCl either in the presence or absence of 40%
(w/v) ficoll 70.
2.2. Methods

2.2.1. PCR-stop assay
PCR-stop assay was performed with a modified protocol of the

previous studies [7e9,26]. Pu27, Pu27-13,14 and Pu27rev (Table T1)
were used in the current study. The reactions were performed in
1 � PCR buffer, containing 4 mM of each oligonucleotide, 0.16 mM
dNTP, 0.04 U phusion high-fidelity DNA polymerase and indicated
amount of CHL or SGR. Reactionmixtures were incubated in a Veriti
96 well thermal cycler (Applied BioSystem) with the following
cycling conditions: 94 �C for 3 min, followed by 35 cycles of 94 �C
for 30 s, 58 �C for 30 s and 72 �C for 30 s. The amplified products
were resolved on 18% non-denaturing polyacrylamide gel in 1 �
TBE, followed by staining with SYBR Green I.
2.2.2. Absorption spectroscopy
Absorption spectra were measured in CECIL spectrophotometer.

10 mM of CHL was titrated against Pu27 in absence and presence of
40% (w/v) ficoll 70. The dissociation constant and stoichiometry
was determined from the plot of DA/DAmax at 316 nm versus
quadruplex concentration [16,17,25]. The method of continuous
variation (Job Plot) was also employed to determine the binding
stoichiometry [27].
2.2.3. Isothermal titration calorimetry
ITC experiments were done in iTC200 Microcalorimeter,

Microcal Inc., USA at different temperatures between 10 �C and
35 �C. 25 mM CHL was titrated against Pu27.

25 mM CHL was titrated against Pu27 duplex to determine the
association constant for the interaction at 25 �C. To maintain the
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ionic strength of the solution, 150 mM KCl was added to the buffer
prior titration.

The isotherms were analyzed using the in-built Microcal LLC ITC
software. ‘One set of sites’ model yield the best fitted curve for the
obtained data points. Equilibrium association constant (Ka),
enthalpy (DH) and entropy (DS) of association were obtained after
fitting each isotherm. Change in heat capacity (DCp) and extent of
enthalpy-entropy compensation for the associationwere calculated
[16,17].

2.2.4. Circular dichroism
CD spectra were recorded on a JASCO J715 spectropolarimeter

(Jasco Cooperation, Tokyo, Japan) at 25 �C in absence and presence
of 40% (w/v) ficoll 70. The CD scans were recorded within the
wavelength range of 220e420 nm in a reaction volume of 300 ml
(scan speed: 200 nm per minute, step size: 0.1 nm, time constant:
2 s, bandwidth: 1 nm, path length of cuvette: 0.1 cm). 20 mM Pu27
was titrated with increasing concentration of CHL. Convex
constraint analysis (CCA) was performed on the spectral set in or-
der to extract the basis spectra and their associated coefficients
[28].

2.2.5. Differential scanning calorimetry
The heat capacity of the quadruplex alone (100 mM) and in

presence of CHL (70 mM of Pu27 and 190 mM CHL incubated for 1 h)
were measured as a function of temperature (10 �Ce130 �C) in a VP
DSC Microcalorimeter (Microcal, LLC, Northampton, MA). The
thermograms obtained were analyzed using the in-built VPViewer
Fig. 2. Panel A: (i) Representative ITC profile for the titration of Pu27 against chelerythrine a
with Pu27 as a function of temperature. (iii) Enthalpyeentropy compensation plot for the
absence and (ii) presence of saturating chelerythrine concentrations at a scan speed of 60
voluted (dotted lines) using the inbuilt “2-state” model for curve fitting software. The dash
software with Origin 7.0. The non-2-state (cursor initiation) model
of curve fitting was used to fit the raw thermograms.

3. Results and discussion

TRAP (Telomerase Repeat Amplification Protocol) assay dem-
onstrates the dose dependent decrease in telomerase activity by
CHL in extracts from breast cancer cell line, MDAMB-231 (Fig. S1).
Telomerase activity decreased by 1.2 fold on addition of 2 mM CHL
and by 2.1 fold on addition of 10 mM CHL to the extract. We have
reported similar effect in HeLa cell line [25]. PCR-stop assay in-
dicates that CHL induces a structure in Pu27 that can block the 50 to
30 extension by a polymerase (Fig. 1B, Fig. S2). This is due to CHL
induced stabilization of the quadruplex structure of Pu27. The
positive control with Pu27-13,14, which does not fold into a
quadruplex structure, shows no such dose dependent decrease of
the final product (Fig. 1B). These results indicate that CHL has the
potential to interact with quadruplex structures andmodulate both
telomerase activity and extension of duplex DNA by polymerase.

Pu27 folds into a mixture of two all-parallel quadruplexes
[29,30]: 1:2:1 conformer (major) and 1:6:1 conformer (minor)
[31,32]. Previous NMR reports have shown that this sequence
display broad envelopes arising from dynamic equilibrium be-
tween the conformers [29,33]. This is a major obstacle to study the
association by NMR. Hence, we have probed the structural basis of
the association by alternate physico-chemical techniques.

Absorbance of CHL at 316 nm decreases on binding to Pu27. The
12 nm red shift of this peak (Fig. S3A Inset) can be attributed to the
t 25 �C. (ii) Variation of thermodynamic parameters for the association of chelerythrine
interaction of chelerythrine with Pu27. Panel B: Heat capacity profile for Pu27 in (i)
�C/hour at approximately 35 psi pressure. The observed data (solid line) were decon-
ed curve denotes the overall fit of the data.
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stabilization of p* orbital of CHL [34]. The binding parameters are
summarized in Table 1. The two CHL molecules (Fig. S3C) might
either end stack on or intercalate between the quartet planes.
However, presence of three double chain reversal loops, that spans
the quadruplex groove and potassium ions intercalated between
the quartets precludes the later possibility. It appears more likely
that CHL will end stack on the quartets.

The thermodynamic parameters (Table T2) obtained from ITC
(Fig. 2A (i)) indicates that both enthalpy and entropy contribute
favorably towards the association, though the interaction is mostly
enthalpy driven. A slope of 1.37 ± 0.10 (Fig. 2A (iii)) for DН versus
TDS supports this observation. The relatively lowmagnitude of DCp
(-71.0 ± 6.27 cal/mol/K, Fig. 2A(ii)) along with results obtained from
DSC and CD studies indicates that the association does not lead to a
major structural alteration of Pu27. The negative enthalpic contri-
bution originates from non-covalent interaction like stacking
[35,36]. The positive entropic contribution, which further re-
inforces the negative free energy change, arises from the release of
bound water molecules [35,36]. Negative sign of DCp further cor-
roborates this observation [35,36]. The higher affinity of CHL for
Pu27 quadruplex as compared to Pu27 duplex (Fig. S4) supports our
hypothesis that under in vivo conditions CHL will bind and stabilize
the quadruplex structure adopted transiently by this sequence.
Decrease of c-myc transcription may be the downstream event.

CHL binding stabilizes Pu27 and increases the total enthalpy of
transition (Fig. 2B and Table T3). Its melting is characterized by two
major thermal transitions in the free and ligand bound forms.
Comparison of these melting temperatures with those of mutant
Pu27 sequences (Pu121 and Pu161) in absence and presence of CHL
indicates that the lower and the higher melting temperatures
Fig. 3. (A) CD spectra resulting from the interaction of Pu27 with increasing chelerythrin
wavelengths for Pu27 chelerythrine interaction. (C) Basis spectra obtained from CCA analys
chelerythrine concentration.
correspond to the melting of the 1:6:1 and 1:2:1 conformer,
respectively (Fig. S5 and Table T4). Absence of a significant change
in the enthalpy of melting (Table T3) of the two conformers upon
CHL addition indicates that ligand binding does not perturb the
equilibrium between the conformers.

CD spectrum of Pu27 (Fig. 3A, Spectrum in black line) is char-
acteristic of a parallel quadruplex. Molar ellipticity values of the
two signature peaks decreases upon complex formation with CHL
(Fig. 3A and B) but no structural alteration of Pu27 occurs. This can
be ascribed to the interaction between the chromophoric group of
CHL and Pu27 quartets [17,37] rather than disruption of the quad-
ruplex structure on ligand binding [38,39]. This is further corrob-
orated from the enhanced melting temperature of Pu27-CHL
complex. CCA analysis could best deconvolute the CD spectra for
the interaction into two basis spectra (Fig. 3C). Components 1 and 2
characterize the CD spectrum of unbound and ligand bound Pu27
respectively. The variation of the associated coefficients of each
basis spectra with CHL concentration (Fig. 3D) shows (a) a decrease
in the percent population of component 1 and (b) a concomitant
increase in the percent population of component 2.

Comparative analysis of the absorbance (Fig. S3B & S3D) and CD
(Fig. 3 and S6) studies in absence and presence of molecular
crowding agent, ficoll, leads us to propose that the molecular
recognition process between Pu27 and CHL is not perturbed to any
significant degree under crowding condition. Also, ficoll does not
cause any significant structural alteration of Pu27. However, the
binding affinity and change in free energy of association is reduced
under the crowding condition.

We have earlier reported the interaction of Pu27 with SGR, a
plant alkaloid containing the same planar aromatic moiety as CHL
e concentration at 25 �C. (B) Variation in the molar ellipticity value at two selected
is of CD spectra shown in A and (D) Contribution of CCA components as a function of
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[17]. PCR stop assay results indicate that CHL is a more potent in-
hibitor of Pu27 hybridization with its complementary strand than
SGR at identical concentration (Fig. 1B). Binding affinity of CHL and
SGR for Pu27 is comparable; the binding stoichiometry is different.
Two CHL molecules bind to one molecule of Pu27. In contrast three
SGR molecules bind to one molecule of Pu27. The first two binding
sites are same. While, the third SGR molecule binds to the second
loop of Pu27 thereby perturbing the equilibrium between 1:2:1 and
1:6:1 conformers. This is reflected in the high DCp value for SGR-
Pu27 interaction (-151.54 ± 25.07 cal mol�1 K�1). [17] The decon-
volution of the CD spectra into three components in case of SGR in
contrast to two components in case of CHL also corroborates this
result. From the thermodynamic perspective, Pu27-CHL association
is primarily enthalpy driven while both enthalpy and entropy
contribute equally in case of SGR-Pu27 interaction. Additionally,
DSC results show that the bound state 1:2:1 conformer contributes
to a greater extent to the total enthalpy of melting than the 1:6:1
bound conformer when CHL is the ligand. In case of SGR the sce-
nario is reversed. The difference in the molecular recognition pro-
cess of Pu27 by the two ligands, CHL and SGR, may be attributed to
the difference in their shapes. A comparison of the space filling
model of the energy minimized structure of the two molecules
(Fig. S7) shows that SGR has a greater curvature than CHL due to
presence of two -OCH3 instead of a dioxole ring at one end of CHL.
This structural difference between SGR and CHL, favors facile Pu27
loop binding in case of SGR.
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