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ABSTRACT: Polyguanine sequences fold into G-quadruplex structures 5’—\ """
in the presence of monovalent cations. It is accepted that the telomeric 57
DNA region consists of G-quadruplex structure. There are reports that s [ f—
potential G-quadruplex forming motifs are also present in the promoter S <_>
region of some proto-oncogenes such as c-myc, c-kit, KRAS, etc. Small g —
molecules with the potential to stabilize the telomeric DNA quadruplex S \"-3'« i
have emerged as potential anticancer agents. We have studied the _— =" :

|

interaction of ellipticine, a putative anticancer agent from a plant source,

with a human telomeric DNA sequence (H24). Spectroscopic and v YAy
calorimetric studies indicate that the association of ellipticine with H24 3 B ey
is an entropically driven phenomenon with a 2:3 (H24:ellipticine) sxw
stoichiometry. Though ellipticine binding does not induce any major Quadruplex
structural perturbation in H24, the association leads to formation of a

complex with enhanced thermal stability. An assay with the telomerase

repeat amplification protocol shows that ellipticine inhibits telomerase activity in MDAMB-231 breast cancer cell line extracts.
This is the first report of the quadruplex binding ability of ellipticine. Using the results, we propose that along with DNA
intercalation and/or topoisomerase II inhibition, interaction with the telomeric DNA region and the resultant inhibition of
telomerase activity might be an additional mode of action for its anticancer property.

Quadruplex:ligand
(2:3) complex

he ends of the eukaryotic chromosomes have a special
nucleoprotein structure known as telomere. Telomeres
play an important role in cellular aging and cancer.” In humans,
the telomere consists of tandem repeats of d(TTAGGG) 5—8
kb in length in a double-helical form. They end in a single-
stranded 3’ overhang of approximately 100—200 bases in

length. Their replication is dependent on the enzyme Figure 1. Structure of ellipticine. The protonated form intercalates
telomerase. Telomerase expression is tightly controlled in into double-stranded DNA.

normal somatic cells in which the telomere becomes shorter

after each round of cell division. Telomerase is overexpressed in GGG-3") using spectroscopic and calorimetric techniques. In
cancer cells in which the telomere does not become shorter. It addition, we have conducted a TRAP (telomeric repeat
has been found that formation of stable G-quadruplex amplification protocol) assay to demonstrate the potential
structures in the single-stranded telomeric region inhibits telomerase inhibitory activity of the agent using MDAMB-231
telomerase activity. The telomeric G-quadruplex has thus breast cancer cell line extracts. From the results of this study,
emerged as a potential target for anticancer agent(s). They bind we propose that human telomeric DNA, which folds into a
to the telomeric quadruplex, thereby stabilizing it and inhibiting quadruplex structure, is an additional and/or alternate target
telomerase activity. leading to the antineoplastic activity of ellipticine.

Ellipticine (5,11-dimethyl-6H-pyridol[4,3b]carbazole) (Fig-

ure 1), a plant alkaloid from Apocyanaceae plants, has high W EXPERIMENTAL PROCEDURES

efficiency against several types of cancer with limited toxic side Materials. Ellipticine, monobasic potassium phosphate,
effects.® Available reports ascribe its antineoplastic activity to dibasic potassium phosphate, and the desalted and high-
DNA intercalation* and/or inhibition of topoisomerase IL.>>°

Here we have investigated the mechanism of interaction of the Received: January 22, 2013

putative anticancer agent ellipticine with a human telomeric Revised:  April 24, 2013

DNA sequence (H24, S'-TTAGGGTTAGGGTTAGGGTTA- Published: May 22, 2013
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performance liquid chromatography-purified human telomeric
DNA sequence (H24) were purchased from Sigma Chemical
Corp. Dimethyl sulfoxide (DMSO) was purchased from Fisher
Scientific. All buffers were prepared in Milli-Q water from a
Millipore Water System and filtered through 0.1 ym filters from
Millipore prior to use. All experiments were performed in 10
mM potassium phosphate buffer (pH 6.8) containing 150 mM
KCl unless otherwise mentioned.

Ellipticine was dissolved in freshly distiled DMSO and
stored at 4 °C. The concentration of the stock drug solution
was determined from the absorbance using an &,95 of 60000
M~! cm™.7 In all the experiments, the DMSO content was kept
below 0.5% (v/v).

H24 was dissolved in 10 mM potassium phosphate buffer
(pH 6.8) containing 150 mM KCl, heated to 90 °C in a water
bath, and held for 10 min. The sample was allowed to
equilibrate to room temperature slowly and stored at 4 °C for
48 h. It was then dialyzed against the same buffer for 24 h. The
concentration of H24 was determined by the absorbance using
an &4 of 244600 M~ cm™". The molar extinction coefficient of
H24 was determined using the nearest neighbor approximation
model. Characteristic CD spectra of H24 confirmed the
formation of (3+1) hybrid structure.® Unless stated otherwise,
the concentration of H24 is expressed in terms of the oligomer.

Methods. Fluorescence Spectroscopy. Fluorescence spec-
tra were recorded on an LS S5 luminescence spectrometer
(Perkin-Elmer) fitted with a water circulation system to
maintain a constant temperature. To determine the dissociation
constant of the quadruplex—ligand interaction, we titrated S
uM ellipticine with an increasing concentration of H24 until
there was no further change in the emission intensity with an
increase in the input oligomer concentration. Emission spectra
corresponding to excitation at 320 nm were recorded S min
after each addition to ensure equilibration of the temperature
and complete complex formation. The binding isotherm was
obtained from a plot of AF/AF,,,, (at 520 nm) as a function of
input H24 concentration. The experimental points for the
binding isotherm were fit using the equation’

Co(AF/AE,,)* — (Co + C, + Ky)(AF/AE,,) + C,=0
(1)
where C, is the initial ellipticine concentration, AF is the
change in fluorescence at 520 nm after addition of each aliquot
of H24, AF,,, is the same parameter when ellipticine is totally
bound to H24, and C, is the concentration of H24 added.
AF,,,, was estimated from the double-reciprocal plot of 1/AF
versus 1/(C, — C,) using the equation

1/AF = 1/AE,,, + 1/(C, — Cy) @)

Fluorescence titration was conducted at five different
temperatures (20, 24, 26, 28, and 32 °C) to determine by
means of van’t Hoft equation the thermodynamic parameters
AH, AS, and AG associated with the interaction:

In(K,) = —(AH/R)(1/T) + AS/R (3)

(4)

where R is the universal gas constant and T is the absolute
temperature. The plot of In(Kj) versus 1/T gives a straight line,
with a slope of AH/R and an intercept of —(AS/R), from
which van’t Hoff enthalpy change and entropy change were
calculated. AG was calculated from the relation

In(K,) = (AH/R)(1/T) — AS/R
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The method of continuous variation (Job Plot) was
employed to determine the stoichiometry of binding of
ellipticine to H24."" The fluorescence of ellipticine at 520 nm
was recorded at a constant temperature (24 °C) for pre-
equilibrated reaction mixtures, in which number of moles of
H24 and ellipticine in a fixed volume was varied, keeping the
sum total number of moles and the reaction volume constant.
The fluorescence of ellipticine under these conditions was
plotted as a function of the input mole fraction of ellipticine.
The point in the plot at which the two resulting straight lines
meet corresponds to the mole fraction of ellipticine in the
H24—ellipticine complex. The stoichiometry is obtained in
terms of

AG = AH — TAS

ellipticine: H24 = y, - )(euipﬁdne)

(6)
where Jjipticine i the mole fraction of ellipticine calculated as
the ratio of the molar concentration of ellipticine to the total
molar concentration of H24 and ellipticine.

Isothermal Titration Calorimetry. ITC experiments were
conducted in an iTC200 microcalorimeter (Microcal, Inc.,
Northampton, MA) at four temperatures between 24 and 36
°C. Samples were extensively degassed prior to titration. The
titration of ellipticine against the G-quadruplex was performed
by injecting H24 (700 M in terms of base; 29.2 uM in terms
of whole oligomer) into a solution with a fixed concentration of
ellipticine (30 #M). A blank experiment in which H24 was
injected into buffer containing the same volume percentage of
DMSO (as ellipticine) was conducted to correct for dilution.
The background was subtracted from the measured heats, and
the corrected heats were plotted versus molar ratio. The
corrected isotherms showed that only one type of binding event
is taking place. The isotherms were analyzed using the built-in
Microcal LLC ITC software. A “one set of sites” model yielded
the best-fit curve for the obtained data points. The equilibrium
association constant (K,), enthalpy (AH), and entropy (AS) of
association were obtained after each isotherm had been fit. The
Gibbs energy was calculated using eq S.

The change in heat capacity (AC,) for the association of
ellipticine with H24 was calculated from the slope of the plot of
enthalpy change (AH) versus temperature. The slope of the
plot of AH versus TAS gives the extent of enthalpy—entropy
compensation for the interaction.

Circular Dichroism. CD spectra were recorded on a JASCO
J715 spectropolarimeter (Jasco Corp., Tokyo, Japan) at 25 °C.
The CD scans were recorded within the wavelength range of
220—400 nm with a scan speed of 200 nm/min and a step size
of 0.2 nm. The time constant was 2 s, and the bandwidth was 1
nm. All measurements were taken in a 1 cm path length cuvette
in a reaction volume of 2000 uL. A solution of H24 (3 uM) was
titrated with increasing concentrations of ellipticine dissolved in
DMSO. Each spectrum was an average of four runs. Each
spectrum was recorded S5 min after each addition to ensure
complete complex formation. Blank titration was conducted by
adding an equal volume of DMSO without ellipticine to
confirm that that DMSO does not cause any structural
alteration of H24. Convex constraint analysis (CCA) was
performed on the spectral set to extract the basis spectra and
their associated coeficients.""

Differential Scanning Calorimetry. Excess heat capacity was
measured as a function of temperature in a VP DSC
microcalorimeter (Microcal, Inc.) to investigate the transition

llipticine * (1
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Figure 2. (a) Fluorescence spectra of S uM ellipticine in the presence of increasing concentrations of H24 (spectra 2—8 for 0.25, 0.50, 1.52, 2.51,
3.50, 5.91, and 13.17 uM H24, respectively) at 24 °C. (b) Curve fitting analysis of the binding isotherm obtained from fluorescence titration to
evaluate the dissociation constant for the association of ellipticine with H24. The concentration at 50% value of AFs,0/AF,. 5,0 provides the Ky
(dissociation constant). (c) Job plot to determine the binding stoichiometry for association of ellipticine with H24. (d) van’t Hoff plot to determine
AH and AS for the ellipticine—H24 interaction. The solid line represents the best-fit linear curve through the obtained data points.

of quadruplex from the folded to the unfolded form in the
absence and presence of ellipticine. The samples were scanned
from 10 to 130 °C in the case of free H24 and from 20 to 130
°C in the case of H24 incubated with ellipticine and DMSO, at
a scan speed of 60 °C/h at approximately 25 psi. Prior to the
sample scan, the instrument was thermally stabilized by
repeated buffer scans under similar conditions. H24 (80 uM)
in buffer was scanned to obtain the melting profile of the
unbound form. H24 (80 uM) was incubated for 1 h with 40
uM ellipticine and scanned to obtain the melting profile of the
bound form. As a control, 80 uM H24 was incubated for 1 h
with the same volume percent of DMSO and scanned to obtain
the melting profile of H24 in DMSO. The thermograms
obtained were analyzed using the built-in VPViewer software
with Origin 7.0. The non-two-state (cursor initiation) model of
curve fitting was used to fit the raw thermograms. Because AS°
= /[(ACP/T)/AT], the area under the AC,/T versus T plot
yields AS°.

Telomerase Repeat Amplification Protocol. The SYBR
Green RQ-TRAP assay was conducted with cell extracts from
MDAMB-231 breast cancer cells in 25 pL of reaction mixture
with SYBR Green PCR Master Mix (US Biomax, Inc,
Telomerase Detection Kit, MT3012). Quantitative real-time
polymerase chain reaction (PCR) was used to study the in vitro
effect of ellipticine on telomerase activity. Using ABI7500 Fast
Real Time PCR, samples were incubated at 25 °C for 20 min
and amplified via 40 PCR cycles for 30 s at 95 °C, 30 s at 60
°C, and 30 s at 72 °C (three-step PCR). PCR amplification
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occurs in the second step of the PCR cycle. In this step,
telomerase (from the cell extract) adds the telomeric repeat
unit (TTAGGG) to the 3’ end of the TS primer (AATCC-
GTCGAGCAGAGTT) present in the master mix. Fluores-
cence data were collected in the third PCR step. The threshold
cycle values (C,) were determined from the semilog
amplification plot. C, denotes the number of PCR cycles after
which detectable fluorescence intensity is observed. The RQ-
TRAP assay was conducted with 0, 2, and 4 uM ellipticine,
keeping the reaction mixture volume fixed (25 uL). Each
sample was analyzed in triplicate. The obtained C, values at
different ellipticine concentrations give an idea of the
telomerase activity in the cell extract. From the observed C,
values, we can calculate the transformed fold change in
telomerase activity with varying ellipticine concentrations.
The transformed fold change in telomerase is calculated as
follows'”

AC, = Ct,c'ct,o (7)
where C,_ is the average C, value for a particular concentration
(¢ micromolar) of ellipticine and C, is the average C, value in
the absence of ellipticine.

The fold change in telomerase activity due to the presence of
ellipticine

X =2 exp(-AC) (8)

transformed fold change = 1/X 9)
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Table 1. Dissociation Constants and Thermodynamic Parameters for Binding of Ellipticine to H24 As Determined by
Fluorescence Spectroscopy and Calorimetry in 10 mM Potassium Phosphate Buffer (pH 6.8) Containing 150 mM KClI at 24 °C

technique Ky (uM) N (ellipticine/H24)
fluorescence (van’t Hoff) 0.95 1.5
isothermal titration calorimetry 1.5 LS +£0.57

AH (kcal mol™)

53+ 11
—14 + 0.12

TAS (kcal mol™ K™')

B+11
4.7

AG,, o (kecal mol™)

—-8.2
—6.1

“For ITC, the dissociation constant obtained was divided by 24 to obtain the dissociation constant in terms of the whole oligomer.

Time (min)
10 20 30

o

0.02
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0.00-
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Figure 3. (a) ITC profiles for the titration of 700 uM H24 (in terms of base) into a 30 uM solution of ellipticine in 10 mM potassium phosphate
buffer (pH 6.8) containing 150 mM KCI at 24 °C. The top panel shows the change in the differential power (DP) of the instrument. The bottom
panel shows the binding isotherm resulting from integration of the peak area as a function of molar ratio. The solid line represents the calculated fit
of the data. The dissociation constant obtained was divided by 24 to obtain the dissociation constant in terms of the whole oligomer. (b) Variation of
thermodynamic parameters [AH (H), TAS (®), and AG (A)] for the association of ellipticine with H24 as a function of temperature. A linear
temperature dependence of enthalpy yields AC,. (c) Enthalpy—entropy compensation plot for the interaction of ellipticine with H24.

B RESULTS

Fluorescence Spectroscopy Studies. Results of fluo-
rescence spectroscopy (Figure 2a) suggest association of H24
with ellipticine. This figure shows that the fluorescence
intensity in the emission spectrum increases upon binding to
H24. The change in the fluorescence intensity at 520 nm was
plotted as a function of input H24 concentration and analyzed
according to the technique described in Methods to determine
the dissociation constant (Figure 2b).

The break point in the Job plot (Figure 2c) indicates the 2:3
binding stoichiometry (H24:ellipticine) of the complex.

Dissociation constants for the interaction of ellipticine with
H24 were estimated at five different temperatures. The value of
the dissociation constant of the interaction decreases with an
increase in temperature. Analysis of the temperature depend-
ence of the dissociation constant by the van’t Hoff relationship
(eq 4) yields the thermodynamic parameters (AH and AS) of
the reaction (Figure 2d), which are listed in Table 1. Inspection
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of thermodynamic data reveals positive AH and AS values for
the association. The binding is entropically favorable.
Isothermal Titration Calorimetric Studies. ITC was
conducted at four different temperatures to obtain the
thermodynamic parameters for association of ellipticine with
H24. The thermogram for binding of ellipticine to H24 at 24
°C is shown in Figure 3a. The association is characterized by
small negative AH and large positive AS values at all
temperatures as summarized in Table 2. The entropic
contribution to the driving force of the reaction increases
from ~77% at 24 °C to ~92% at 36 °C. The enthalpic
contribution on the other hand decreases from ~23% at 24 °C
to ~8% at 36 °C. This suggests that the interaction is an
entropy-driven phenomenon at all temperatures. The slope of
AH versus temperature yields the AC, for the interaction,
which is 65 + 22 cal mol ™" K" (Figure 3b). The slope of 0.71
+ 0.13 (Figure 3c) for the plot of AH versus TAS gives an
estimate of the extent of enthalpy—entropy compensation.
Circular Dichroism Studies. The CD spectrum of H24 is
characterized by a positive band at 290 nm, a hump at 268 nm,

dx.doi.org/10.1021/bi400080t | Biochemistry 2013, 52, 4127—4137
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Table 2. Thermodynamic Parameters for the Association of
H24 with Ellipticine As Determined by Isothermal Titration
Calorimetry at Various Temperatures in 10 mM Potassium

Phosphate Buffer (pH 6.8) Containing 150 mM KCl

tem
®
297
301
30S
309

AH TAS AG AC,
(kcal mol™)  (kcal mol™ K™)  (kcal mol™') (cal mol™" K')

—-14 +0.12

—0.74 £+ 0.09
—0.67 + 0.06
—0.53 + 0.06

4.7
5.3
5.6
5.9

—6.1 65 +22

—6.0
—6.3
—6.4

and a negative band at 236 nm. In the presence of increasing
concentrations of ellipticine, (i) the intensity of the peak at 290
nm increased, (i) the intensity of the peak at 268 nm
decreased, and (iii) an induced CD band originated at ~330
nm (Figure 4ab). Because of the presence of DMSO in the
system, the signal:noise ratio beyond 240 nm is very low. Thus,
the spectral features beyond 240 nm were not considered. In
the presence of DMSO, the basic spectral feature of H24 is
unchanged with a positive band at 290 nm and a hump at 268
nm (Figure S1 of the Supporting Information), but because of
interference from DMSO, the negative band at 236 nm cannot
be distinguished. CCA analysis shows that the CD spectra of
ellipticine-bound H24 can be best deconvoluted into two basis
spectra (Figure 4c). One of these (component 1) is
characteristic of the CD spectrum of unbound H24. The

other (component 2) represents the spectrum for ellipticine-
bound H24. The variation of the associated coeflicients of each
basis spectrum was plotted as a function of ellipticine
concentration (Figure 4d). It is characterized by a decrease in
the percent population of component 1 and a concomitant
increase in the percent population of component 2.

Differential Scanning Calorimetric Studies. To gain
knowledge about the thermal stability of H24 in the absence
and presence of ellipticine, DSC studies were performed.
Repeated scans of the same sample for both the unbound and
bound forms of H24 overlapped, indicating reversibility. The
melting parameters are summarized in Table 3 and Table S1 of
the Supporting Information.

H24 melting is characterized by two major thermal
transitions, one at 49.92 °C and the other at 65.19 °C (Figure
S2 of the Supporting Information). The observed melting
transitions are consistent with earlier reports.® Because the
buffer contains DMSO, oligomer melting was repeated in its
presence (Figure Sa). There was no significant alteration in the
profile or the melting temperature. It suggests that the observed
effects of ellipticine as described below are not due to the
artifact from the presence of DMSO. The limited solubility of
ellipticine in buffer prevented us from scanning a sample
consisting of only the H24—ellipticine complex. Upon forming
a complex with ellipticine, H24 shows three melting transitions
at 47.0, 66.1, and 76.3 °C (Figure Sb). While the first two
melting transitions correspond to the melting of unbound H24,

b

(-]

IS
2

[6] X 10° (deg cm® dmol™)
N

o
w3

o

- ® 290 nm
% O 268 nm
£ 6+ A 330 nm
© [ ] [ J
~ o ©

5 4{g0®

g o

(o] OO

.,??' 2] ©000000 o o o
[=—]

P

X VVVVVVN
= A 4 A A
250 300 350 400 0 5 10 15 20

wavelength (nm)

[ellipticine] (uM)

Q

0 (mdeg)

e component 1

100+ ~@-component 1

(o]
- =component 2 g =O=component 2 o/
g 804 /o /

5
o
o
Q.
(]
=)
©
S
c
[
(3]
S
- [7]
o

250 300 350 400 450 500 0 5 10 15 20

wavelength (nm)

[ellipticine] (uM)

Figure 4. (a) Representative CD spectra resulting from the interaction of H24 (3 uM, spectrum 1) with an increasing ellipticine concentration
(spectra 2—6 for 2, 4, 6, 11, and 20 uM ellipticine, respectively) in 10 mM potassium phosphate buffer (pH 6.8) containing 150 mM KCl at 25 °C.
(b) Variation of molar ellipticity at three selected wavelengths [290 (®), 268 (O), and 330 nm (A)] for H24—ellipticine interaction. (c) Basis
spectra obtained from CCA analysis of CD spectra shown in panel a (component 1 is characteristic of the CD spectrum of unbound H24
represented by a solid line, and component 2 is characteristic of the CD spectrum of ellipticine-bound H24 represented by a dashed line). (d)
Contribution of CCA components as a function of ellipticine concentration [component 1 (@) and component 2 (O)].
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Table 3. Thermodynamic Parameters for the Intramolecular Quadruplex to Random Coil Transition, in the Absence and
Presence of Ellipticine, for H24 in 10 mM Potassium Phosphate Buffer (pH 6.8) Containing 150 mM KCl As Determined by

DSC
AHy, AS, AH, AS, AH AS,
system To (°C)  (kcal mol™) (cal mol™* K™')  T,, (°C)  (kcalmol™!) (cal mol™ K™') T, (°C)  (kcal mol™) (cal mol™* K™')
H24 in 48.8 + 0.4 12.0 + 0.8 37.2 65.7 + 0.1 46.6 + 0.8 138 - - -
DMSO
H24 with 47.0 + 0.3 16.7 + 0.6 51.0 66.1 + 0.2 362 + 1.6 106 76.3 + 0.1 199 + 12 56.9
ellipticine
a b
3.0 3.0
2.54 2.54
O 2.0 O 2.0
S S
9 45 2 1.54
S 1.5 ]
g 1.04 g 1.04
© ©
(3] o
X 0.5+ = 0.54
Q Q.
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Figure 5. Excess heat capacity profile for 80 uM H24 in the presence of (a) DMSO and (b) 40 uM ellipticine in 10 mM potassium phosphate buffer

(pH 6.8) containing 150 mM KCL. The observed data (—) were deconvoluted (

The dashed curve denotes the overall fit of the data.

) using the built-in “two-state” model for curve fitting software.

the third melting transition corresponds to the melting of
ellipticine-bound H24. The higher melting temperature of
bound H24 originates from ellipticine-induced stabilization of
H24 structure.

Telomerase Repeat Amplification Protocol Studies.
To question the relevance of association of ellipticine with
telomere ends, we focused on testing whether ellipticine had
any influence on telomerase activity. To assay telomerase
activity, we used a very well established method, the telomeric
repeat amplification protocol (TRAP) assay. This is a sensitive
technique that allows telomerase detection in mammalian cell
and tissue extracts even with very low telomerase activity levels.
Quantification of telomerase activity (real-time monitoring of
the TRAP assay product) in the presence of ellipticine gave a
dose-dependent decrease in telomerase catalytic activity in cell
lysates prepared from MDAMB-231 cells (Figure 6). This
decrease was quantified by the number of threshold cycles

2

Transformed Fold Change

Figure 6. TRAP assay using RT-PCR to determine the concentration-
dependent change in telomerase (extracted from MDAMB-231 cells).
The experiments were run in triplicate with 0, 2, and 4 yM ellipticine.
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needed to obtain detectable fluorescence intensity with an
increasing amount of ellipticine during real-time TRAP. The
telomerase activity decreases by 1.4-fold upon addition of 2 uM
ellipticine and by 2.4-fold upon addition of 4 uM ellipticine to
the cell extracts prior to the assay. These results showed that
ellipticine negatively affects the typical six-nucleotide ladder of
primer extension products characteristic of human telomerase
in the TRAP assay.

B DISCUSSION

Human telomeric DNA has emerged as a putative target for
anticancer agents." In the past few years, there has been a surge
in studies involving small molecules that interact with telomeric
DNA, thereby stabilizing them and inhibiting telomerase
activity.'>™>> In this study, we report the interaction of
ellipticine with the human telomeric DNA sequence, H24.

H24 adopts a (3+1) hybrid structure in K* ions with one
double-chain reversal loop and two edgewise loops.”*™>* We
have employed spectroscopic and calorimetric techniques to
study the interaction between H24 and putative anticancer
agent ellipticine. The major conclusions are as follows: (a)
Ellipticine interacts with H24 with a very high affinity with a
dissociation constant in the submicromolar range. (b) The
H24:ellipticine binding stoichiometry is 2:3. (c) The
association is entropy-driven as shown by both calorimetry
and van’t Hoff methods. (d) Association with ellipticine results
in an enhancement of the melting temperature of H24 arising
from the stability of the quadruplex structure. (e) No major
structural change in H24 occurs when it binds to ellipticine as
indicated from the analysis of ligand-induced CD spectra of the
quadruplex. (f) Ellipticine effectively blocks telomerase activity
in cell extracts from cancerous cell lines.

dx.doi.org/10.1021/bi400080t | Biochemistry 2013, 52, 4127—4137
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“In the absence of any ligand, the two adenines in the edgewise loops (A1S and A21) are stacked on the terminal G-quartets. Two H24 moieties end
stack on one another with an ellipticine molecule sandwiched between them. When the ligand binds, A15 and A21 become destacked.

Scheme 2. Interaction between Ellipticine and (3+1) Hybrid Human Telomeric Quadruplex DNA (H24)“

5' RN
A21
"'-‘ ) A15,
3
Quadruplex

ellipticine
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Scheme 1. Interaction between Ellipticine and (3+1) Hybrid Human Telomeric Quadruplex DNA (H24)“
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aligned side by side with an ellipticine molecule bound to the double-chain reversal loop. The adenine bases become destacked upon ligand binding.
Spectroscopic studies provide direct evidence of binding of

ellipticine to H24. When ellipticine binds to H24, the

Quadruplex:ligand

(2:3) complex

fluorescence intensity and hence the quantum vyield of
ellipticine are found to increase. The increase in fluorescence
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emission intensity may originate from one or more of the
following factors: a change in the local environment such as
viscosity or hydrophobicity of the ligand molecule, alteration in
the conformation of the ligand molecule, and enhancement of
the extent of excited state proton transfer.””*° Bound ellipticine
is shielded from the surrounding solvent molecules, which in
turn protect it from excited state deprotonation by the solvent
molecules. The transfer of an excited state proton to an
acceptor region present in the electronically deficient quartet
planes of the quadruplex might also be a factor in the increase
in the quantum yield of ellipticine upon association with the
quadruplex molecule.

The binding stoichiometry indicates that three ellipticine
molecules bind to two H24 molecules. This is possible only if
one ellipticine molecule is sandwiched between two H24
molecules and one ellipticine molecule is bound to each of the
two H24 moieties. It has been reported that planar aromatic
compounds bind to the quadruplex via external end stacking
(terminal capping) to the surface of the G-quartets on one or
both ends of the quadruplex.*’ ~*® Binding of more than one
ligand to a single quadruplex has been reported in the case of
pentamethylated epigallocatechin derivatives,>” porphyrins,***’
perylene derivatives,** phenanthroline derivatives,*' plant
alkaloids,'>**~** etc. Keeping in mind these reports and the
observed binding stoichiometry, we propose that one ellipticine
molecule end stacks on H24. Two such ellipticine—H24
complexes interact with each other and a third ellipticine
molecule. We hypothesize that the third ellipticine molecule
could either (a) intercalate between the complexes at the free
end of the quartet (Scheme 1) or (b) bind to the double-chain
reversal loop of both complexes (Scheme 2). If the third
ellipticine molecule is intercalated between two H24 moieties,
then we have two H24 molecules end stacking on one another.
On the other hand, if the third ellipticine binds to the loop, we
have two H24 moieties aligned side by side. The second
hypothesis describing the binding geometry would result in a
poor overlap between the loop bases and the planar ellipticine.
Also, it is unlikely that a planar molecule like ellipticine can
distinguish between two similar faces of the G-quartet and
specifically bind to one of the faces of the quartet. In the
alternate possibility of an end stacking geometry of an
intercalated ellipticine between two H24 moieties, the overlap
will occur to a greater extent with the quartet plane of the
quadruplex. Both possibilities would lead to a 2:3 H24:ellipti-
cine stoichiometry. The release of water molecules and
counterions as a sequel to ligand binding would result in an
increase in the entropy of the system.

The limited solubility of ellipticine prevented us from
conducting a structural analysis of the H24—ellipticine complex
using nuclear magnetic resonance, so we used CD spectroscopy
to shed light on the ellipticine-induced structural alteration of
the quadruplex. The CD spectra were deconvoluted using CCA
analysis to obtain the composite spectra. CCA analysis suggests
two composite spectra: one corresponding to the structure of
the unbound oligomer and the other to the bound form. The
presence of two basis spectra is also consistent with the analysis
of the binding data. The CD spectral characteristics of the
bound component show that bound H24 has a fold similar to
that of the unbound form. The changes in the spectrum versus
that of the free quadruplex can be ascribed to an alteration in
the local environment of H24: destacking of the adenine bases
in the loop region®® and stacking of two ellipticine-bound H24
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molecules with a third ellipticine molecule sandwiched between
them.

While van’t Hoff analysis suggests that the association of
ellipticine with H24 is enthalpically unfavorable, calorimetric
results suggest that the interaction, though entropically driven,
has a small favorable enthalpy component in the free energy
change. This enthalpic contribution to the free energy change
decreases with an increase in temperature. The discrepancy in
enthalpy values can be explained as follows.**® AH_; can be
summed up as follows

AHcal = AI_Iassociation + AHconcc::mitant
where AH, i oation 1S the enthalpy change due to association of

ellipticine with H24 and AH_ ,comitane iS the enthalpy change
due to other concomitant processes such as proton binding, ion
binding, and conformational changes. On the other hand,
AHyy, obtained via the spectroscopic method, monitors only
the enthalpy value arising from association process. Because
spectroscopic techniques cannot monitor enthalpy changes
from the spectroscopically silent processes, a discrepancy
results.

Spectroscopic and calorimetric results prove that the
interaction of ellipticine with H24 is an entropically driven
phenomenon. There are two potential sources of the observed
entropy-driven nature of the association. Release of water
molecules and counterions as a sequel to binding of the ligand
is one. The second source of favorable entropy originates from
the destacking of the bases in the loop region of the quadruplex,
which results in an increase in the configurational entropy of
the oligomer. It has been shown earlier that the interaction of
planar aromatic molecules with the (3+1) hybrid structure by
terminal capping results in an increased mobility of the adenine
residues in the edgewise loops (A15 and A21).>"*° The
binding-induced destacking of these bases leads to an increase
in the configurational entropy of DNA. Association with
ellipticine causes similar destacking of the adenine bases, which
leads to a net increase in the entropy of the system.

Interaction of H24 with ellipticine gives rise to a small
positive AC, value. Heat capacity values are indicative of
structural changes that occur as a sequel to binding. The
relatively small magnitude of heat capacity change indicates that
no major structural alteration of the quadruplex occurs as a
sequel to binding. This is in accordance with our CD results
that show that the binding, though characterized by a
destacking of bases, does not cause any structural alteration
of the mixed hybrid conformation of the quadruplex. A positive
change in heat capacity is generally ascribed to the exposure of
nonpolar groups to water.”>° Scrutiny of the structure of
ellipticine tells us that the molecule is grossly nonpolar, with
two polar regions at the two nitrogens. Interaction with H24
exposes the nonpolar region of ellipticine to water. This results
in the positive AC, value for the reaction. Positive changes in
heat capacity may also arise from changes in soft internal
vibration modes and temperature-dependent conformational
changes and/or aggregation.50 Aggregation of H24 as a sequel
to ellipticine binding might be another reason for a positive
AC, for the system. The slope of AH versus TAS (enthalpy—
entropy compensation plot) gives an estimate of the extent of
enthalpy—entropy compensation for the reaction. A slope of
unity indicates complete compensation of enthalpy by entropy.
Deviation from unity indicates the predominance of one of the
factors over the other. While for a slope of >1 the binding is
primarily enthalpy-driven, for a slope of <1 the binding is
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primarily entropy-driven.”'~>* A slope of 0.71 for AH versus
TAS for H24—ellipticine interaction gives added support for
the interaction being entropically driven.

The melting of H24® and H24 in the presence of DMSO is a
three-step process involving an intermediate. The comparable
melting profiles, temperatures, and AH_, values of H24 in the
absence and presence of DMSO indicate that DMSO does not
affect the thermal stability and hence the macro structure of
H24. H24 preincubated with ellipticine was scanned to
determine the effect of the small molecule on the stability of
H24. In presence of ellipticine, H24 shows three melting
transitions (Table 3). The first two transitions correspond to
the melting of free H24, while the third transition corresponds
to the melting of H24 in a complex with ellipticine. The higher
melting temperature of the H24—ellipticine complex suggests
that end-stacked ellipticine stabilizes the H24 molecule as
compared to free H24.

Results of the TRAP assay indicate that ellipticine binds to
the quadruplex that forms at the end of the template primer
and blocks the activity of telomerase, thereby inhibiting further
elongation of the DNA template as the PCR cycle progresses.
Considering telomerase activity to be 100% in the absence of
ellipticine, it is seen that the telomerase activity is reduced by
28 and 59% upon addition of 2 and 4 uM ellipticine,
respectively. It can thus be concluded that ellipticine effectively
could impart its antineoplastic activity in a variety of cancer cell
lines by downregulating the telomerase activity via stabilization
of the telomeric DNA region.

Earlier reports have shown that ellipticine can inhibit the
growth of MCF-7 breast adenocarcinoma cells in a concen-
tration-dependent manner with an ICy, of 1.25 + 0.13 #M.>* It
was proposed that the formation of ellipticine—DNA adducts
may be the mechanism by which ellipticine imparts its
anticancer activity in the cancer cell line. A recent report has
also shown the presence of a GC-rich Spl binding region
beginning at base pair —37 in relation to the TSS of the AHR
promoter region in MCF-7 cancer cell lines.*® The poly-
morphic (GGGC), repeat is known to fold into quadruplex
structures in vitro when n > 2. Thus, the possibility of other
mechanisms involving association of ellipticine with quadruplex
structures in the telomeric region and/or transcription start site
(TSS) cannot be ruled out. We have shown in this study that
ellipticine has a high affinity for quadruplex structures using
H24 as a model. We can extrapolate our results to say that the
G-rich region found in MCEF-7 cell lines, with the potential to
fold into quadruplex structure, may be a potential alternate
target for ellipticine that has a high affinity for the higher-order
DNA structures.

B CONCLUSION

Ellipticine binds to telomeric DNA, H24, with high affinity. The
interaction is entropically driven. This association stabilizes
H24. CD signatures show that the overall fold of H24 is
maintained upon ellipticine binding, though minor changes in
the orientation of loop bases may occur to facilitate the binding
of two ellipticine molecules and H24 stacking by one of the two
molecules. The TRAP assay indicates that ellipticine blocks
telomerase activity in extracts from cancer cell lines. Along with
DNA intercalation and/or topoisomerase inhibition, ellipticine
might also impart its antineoplastic activity via association with
the DNA secondary structure, the G-quadruplex, which is a
potential target for many anticancer agents.
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