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ABSTRACT: G-quadruplex, a unique DNA quartet motif with a pivotal role o o on

in regulation of the gene expression, has been established as a potent OH
therapeutic target for the treatment of cancer. Small-molecule-mediated Ao emodin
stabilization of the G-quadruplex and thus inhibition of the expression from the
oncogene promoter and telomere region may be a promising anticancer
strategy. Aloe vera-derived natural compounds like aloe emodin, aloe emodin-8-
glucoside, and aloin have significant anticancer activity. Comparative binding
studies of these three molecules with varieties of G-quadruplex sequences were

[l Metrics & More | @ Supporting Information

carried out using different biophysical techniques like absorption spectral on o on

titration, fluorescence spectral titration, dye displacement, ferrocyanide OO enon s
quenching assay, and CD and DSC thermogram studies. Overall, this study o A
revealed aloe emodin and aloe emodin-8-glucoside as potent quadruplex- Ali?nOH % B

binding molecules mostly in the case of ¢-KIT and ¢-MYC sequences with a

binding affinity value of 10° order that is higher than their duplex DNA binding

ability. This observation may be correlated to the anticancer activity of these aloe-active compounds and also be helpful in the
potential therapeutic application of natural compound-based molecules.

B INTRODUCTION

G-quadruplex, a unique secondary nucleic acid structure, is
widespread in the human genome including telomere as well as
promoter region of numerous oncogenes suggesting their
significant biological relevance.' ™ The formation of this tetrad
planar structures in guanine-rich sequences is associated to the
interaction of four guanine bases through Hoogsteen and
Watson-Crick faces of the neighboring guanine residues in the
presence of a central monovalent metal ion.”” The extensively
characterized TTAGGG repeats which are involved in the
formation of the G-quadruplex is evident in the telomeric region
of the human genome and plays a crucial role in regulation of
uncontrolled cell division.”” Most interestingly, abundance of

napthoquinone®® derivatives to establish their ability to bind
with different quadruplex structures.

Natural compounds are gaining more importance day by day
as an infinite resource of pharmaceutical drug development for
diseases like cancer. Traditional plant-extracted molecules with
potent anticancer activity have been regarded as important lead
compounds for chemotherapeutic drug development.”' ~**
Anthraquinones are one of the most biologically active natural
compounds with a wide variety of structural diversity as well as
promising therapeutic activity. Many anthraquinone derivatives
like daunomycin, doxorubicin, and mitoxantrone are used as
potent chemotherapeutic agents due to their ability of targeting
at the molecular DNA level.>> ™" Aloe vera-extracted anthraqui-
none compounds like aloe emodin, emodin, and aloin are well

the G-quadruplex structure in several oncogene promoter
regions such as KIT,*® -MYC,'>"" BCL-2,'>"® KRAS,'* and
VEGF" clearly indicates their exclusive role in modulation of
gene regulation. Due to its wide varieties throughout the
different regulatory parts of the human genome, the quadruplex
structure has been targeted for novel anticancer strategy.s’m_18
Selective targeting by small molecules can potentially result in
stabilization of G-quadruplex structures and subsequently
silencing or suppression in oncogene transcription.19 From
this prediction, ligand-directed selective targeting of the G-
quadruplex has been a new direction in the chemotherapeutic
aspect. Several investigations have been carried out by small
molecules like acridine,**™** anthraquinone,n’24 telomesta-
tin,>>*¢ TMPyP4,27 quindoline,28 phenanthridine,29 and
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established therapeutic natural molecules with significant
anticancer activity.”"~* Several reports have suggested these
compounds having effective antiproliferative activity with
different cancer cell lines.”®™* Anthraquinone glycosides and
aloe emodin-8-glucoside are reported as antidiabetic molecules

with potential activity in insulin-resistant cell line.”> In this
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Figure 1. Chemical structures of [A] aloe emodin (ALM), [B] aloe emodin-8-glucoside (ALMG), and [C] aloin (ALN).
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Figure 2. Representative absorption spectral titration of [A] ALM (S uM) treated with ¢-KIT (0—13S uM), [B] ALMG (S uM) treated with c-MYC
(0—180 uM), and [C] ALN (5 uM) treated with BCL-2 (0—250 uM). Scatchard plots of [D] ALM-c-KIT complexation and [E] ALMG-c-MYC
complexation. The solid lines represent the non-linear least square best fit of the experimental points to the neighbor exclusion model. [F] Benesi—

Hildebrand plot for ALN- BCL-2 complexation.

paper, our perspective is targeting some biologically significant
aloe active compounds to well establish biomolecular target G-
quadruplex sequences. Here, aloe emodin, aloe emodin-8-
glucoside, and aloin [Figure 1] have been chosen to study the
binding interaction with a variety of quadruplex sequences like c-
KIT, c-MYC, HUMTEL, BCL-2, KRAS, and VEGF. Moreover,
these compounds are reported to moderately bind with natural
DNA.** Contextually, it is noteworthy to mention that some
aloe compounds are reported as the telomeric G-quadruplex
structure stabilizer.*”*® Based on the previous reports, our
present work is an attempt for understanding of the comparative
quadruplex recognition ability of these aloe active compounds.
Overall, this rigorous analysis may highlight the aloe active
compounds as promising candidatures in rational designing of
the natural product-based chemotherapeutic agent.

B RESULTS AND DISCUSSION

Equilibrium Binding Study from Absorption Titration
Data. Quadruplex DNA binding behavior of the Aloe vera
compounds (Figure 1) was studied by performing UV-
spectroscopic titration with six sets of quadruplex DNA
sequences of different proto-oncogenes and human telomeric
sequences. Figure S1 shows that ALM, ALMG, and ALN when
titrated with six different sets of quadruplexes ¢-KIT, ¢-MYC,
HUMTEL, BCL-2, KRAS, and VEGF, resulted in different extent
of hypochromic and bathochromic shifts of characteristic
absorption spectra of respective compounds. Table S1 shows
the characteristic changes in the absorption profile of ALM,
ALMG, and ALN titrated with different quadruplex DNA
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sequences. ALM and ALMG both reached saturation in all cases
with significant hypochromic effects and bathochromic shifts,
though ALN showed comparatively less significant changes in
absorption spectra and no clear saturations were obtained in all
six set of quadruplex oligos. ALM showed the highest binding
affinity compared to ALMG and ALN with all quadruplex
sequences. ALM showed a characteristic isosbestic point around
460 nm in all cases clearly stating equilibrium condition in
complex formation. ALM treating with ¢-KIT produced
hypochromicity up to 24.53% along with a redshift of A, up
to 4 nm (Figure 2A). Among the six sets of quadruplexes, the c-
KIT sequence has showed the strongest binding affinity value
with ALM indicating ¢-KIT quadruplex selectivity of this aloe
compounds. ALMG also exhibited significant changes upon
interaction with these structures. ALN showed very poor
quadruplex binding ability in comparison to ALM and ALMG.
The spectrophotometric titration data were fitted into the
Scatchard plots of r/C; versus r, where r is the number of moles
of ligand per mole of the DNA nucleotide.”” Representative
binding isotherms for complexation are depicted in Figure 2D,E
from which K;, the intrinsic binding constant, and n, the number
of nucleotide phosphates excluded by ligand molecule, were
obtained (Table S1).

ALM showed the highest binding in all cases. Among the six
set of quadruplexes, the highest binding of ALM was observed
with the ¢-KIT quadruplex sequence with binding affinity value
(2.11 £ 0.33) x 10° M~ that indicates significantly preferential
binding of ALM with the ¢-KIT quadruplex structure. The
affinity toward DNA varied as ¢-KIT > ¢MYC > BCL-2>
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Figure 3. Representative fluorescence titration of [A] ALM (4 uM) with ¢-KIT (0—112 uM), [B] ALMG (4 uM) with c-MYC (0—152 uM), and [C]

ALN (4 uM) with BCL-2 (0—320 uM).
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Figure 4. Stern—Volmer plots for the quenching of (A) ALM and (B) ALMG by K,[Fe(CN)] in free (M) and complexation with ¢-KIT (@), c-MYC
(A), HUMTEL (V), BCL-2 (®), KRAS (), and VEGEF (P), respectively.

HUMTEL > KRAS > VEGF. ALMG showed a comparatively
lower but significant quadruplex binding property which was
also most prominent in case of the ¢-KIT sequence. Spectral
changes for ALN with all quadruplex DNA neither reached any
saturation nor exhibited any isosbestic point and were analyzed
by the Benesi—Hildebrand plot (Figure 2C,F).** All the analyzed
data are presented in Table SI. Alteration of the absorption
spectra of ALM and ALMG upon interaction with quadruplex
DNA indicated a 7—x stacking interaction between DNA and
ligand molecules. It is noteworthy to mention here that ALM
and ALMG can also bind with ctDNA but with lower binding
affinity.”* The equilibrium constants of binding to ctDNA are
reported to be (6.02 + 0.10) X 10* M " and (4.90 +£0.11) x 10*
M at 298.15 K, for ALM and ALMG, respectively."* This
observation suggests ALM and ALMG as a potent quadruplex
binding molecule though ALN is not that much capable of
targeting the quadruplex sequences.

Fluorescence Titration Study. ALM and ALMG being
fluorescent molecules, steady-state fluorometric titration was
also performed for characterization of their binding with
different quadruplex-forming sequences. The fluorescence
intensity of ALM (emission maxima at 535 when excited at
430 nm) and ALMG (emission maxima at 576 nm when excited
at 410 nm) was significantly quenched upon binding with
quadruplex DNA (Figure 3). The details of parameters obtained
from the fluorescence titration study are represented in Table S2
and Figure S2. In the case of ALM, fluorescence intensity at 536
nm was significantly quenched to different extents with the
interaction with different sets of quadruplex structures
suggesting effective interactions between the non-covalently
bound Aloe-active molecules with the quadruplex DNA. Most
significant change was observed for ALM binding with the ¢-KIT
quadruplex with maximum quenching of 67% at saturation with
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a large blueshift of 32 nm at A,,,, (Figure 3). The fluorescence
intensity of ALMG also quenched at 576 nm with increasing
concentration of quadruplex DNA and finally saturated at higher
concentrations (Figure S2). ALN did not show any significant
fluorescence property. With the addition of different sets of
DNA, changes in the fluorescence intensity were observed in
different manners which is represented in Figure S2. Slight
increases in fluorescence intensity were observed when ALN
formed complexation with ¢-KIT, c-MYC, HUMTEL, and BCL-2
quadruplexes, whereas KRAS and VEGF did not significantly
affect the fluorescence property of the free ALN. The data
(Table S2) obtained from the spectrofluorimetric titration study
were in full agreement with the absorption titration data.
Fluorescence data also revealed that both ALM and ALMG most
effectively binds to the ¢-KIT structure which is supposed to
indicate preferential binding selectivity of the aloe active
compounds to ¢-KIT DNA over a large set of quadruplex
sequences. Comparing the previous report on the binding study
of the aloe-active compound to ctDNA with the current study,**
both ALM and ALMG can be suggested as better quadruplex-
binding molecules.

Fluorescence Quenching Studies. Fluorescence quench-
ing phenomena were studied to understand the accessibility of
ALM and ALMG to the quencher ion in the presence of G-
quadruplex structures.*’ K, the Stern—Volmer constant values
for free ALM, was 46.64 M~ which had been changed to 14.07,
18.29,23.89, 25.03, 35.58, and 43.65 M™!, in quadruplex-bound
condition with ¢-KIT, -MYC, HUMTEL, BCL-2, KRAS and
VEGEF, respectively (Figure 4A). In the case of ALMG, k, for the
free drug was found to be 63.93 M™! and 21.53, 37.75, 39.75,
32.12, 59.82, and 62.97 M, for complexation with ¢-KIT, c-
MYC, HUMTEL, BCL-2, KRAS, and VEGF, respectively (Figure
4B). The decrease in the K, value after complex formation gives
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Figure 6. Circular dichroism spectra for the interaction of quadruplex DNAs (4 yM) in the presence of aloe active compounds.

a clear indication that ALM and ALMG in the free state were
readily accessible to the quencher, while in the complex-forming
condition, they may be between base quartets of quadruplex
structures, thus not easily available for the quencher. This
observation also supported the binding of ALM and ALMG to
the G-quartets structure, where the anionic ion is prevented
from entering due to the repulsion from the negatively charged

phosphate groups.

18347

Thiazole Orange Displacement Assay. Thiazole orange
(TO) is a well-established dye which binds with high affinity
with the external quartets of a G-quadruplex by end-stacking.™
Thiazole orange upon forming a complex with the quadruplex
DNA structures increases the fluorescence signal by thousand
fold and can thus act as useful G-quadruplex binding fluorescent
markers. An externally added quadruplex binding molecule can
cause competitive displacement of TO from the quadruplex
structure and as a result decrease the fluorescent intensity of the
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Figure 7. Differential scanning calorimetry thermograms of [A] different quadruplex DNAs (10 M) and [B] ¢-KIT complex with aloe-active

compounds.

Thiazole orange-G4 DNA complex. The extent of quadruplex
binding ability of the molecule can be correlated by TO
displacement. TO displacement by ALM, ALMG, and ALN are
represented in Figure S3. In the case of ALM interaction with c-
KIT quadruplex, maximum quenching in fluorescence was
observed which indicates significant binding affinity of ALM
with the ¢-KIT quadruplex sequence (Figure SA). Representa-
tive displacement of aloe compounds is depicted in Figure
SA—5C. TO displacement by aloe active compounds are plotted
by percentage displacement with increased concentration of aloe
compounds, and kp, values were calculated for these fits (lower
panel of Figure S) which were in full support with other
spectroscopic data (Table S3).

Circular Dichroism Spectroscopy Study. CD is an
important technique to understand the structural perturbation
induced in the nucleic acid structures by drug or ligand
molecules. In the presence of the [K*] ion, ¢-KIT, c-MYC, BCL-2,
VEGF, and KRAS, all oncogene G-quadruplex sequences show
characteristic peaks (positive band at 262 nm and a negative
band at 245 nm) which resembles a parallel G-quadruplex
topology.”** In [K'] solution, the G-quadruplex of the
telomeric DNA is reported to adopt a mixed parallel/anti-
parallel structure ([3 + 1] hybrid structure) with a strong
positive peak at 290 nm, a smaller hump at 265 nm and followed
by a small negative peak at 240 nm.>>~>°

ALM and ALMG both resulted in slight decrease in the molar
ellipticity value at the characteristic positive peaks of
quadruplexes due to base stacking complexation though no
significant conformational change in overall parallel topology of
quadruplexes was observed (Figure 6). The overall secondary
conformation of these quadruplex structures remains unaltered
by the aloe-active compounds.

DSC Study. The DSC experiment was used to identify the
characteristic thermal melting temperature of each quadruplex
DNAs. From the DSC thermogram, the melting temperatures
obtained for six set of quadruplex DNA were 62.4 °C for ¢-KIT,
75.8 °C for ¢-MYC, 54.7 °C for HUMTEL, 62.2 °C for BCL-2,
65.7 °C for KRAS, and 70.5 °C for VEGF, respectively (Figure
7). ALM after complexation with ¢-KIT and c-MYC increased the
melting temperature by 4 °C, BCL-2by 2 °C, HUMTEL by 1 °C,
and KRAS and VEGF remain unaltered. ALMG increased the c-
KIT and ¢-MYC melting temperature by 2 °C. Aloin did not
show any stabilizing effect on the thermal melting of the
quadruplex sequences. Increase in melting temperature clearly
indicates that ALM and ALMG leads to enhanced structural
stability of some quadruplex structures as they can form
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thermodynamically more stable complexation with quadruplex
sequences predominantly with ¢-KIT.

B CONCLUSIONS

In summary, significant binding and stabilization of a series of G-
quadruplex structures by ALM and ALMG were confirmed by
various biophysical techniques like absorption, fluorescence,
circular dichroism, and differential scanning calorimetric studies.
All the studies were in full agreement that ALM and ALMG both
exhibit preferential binding selectivity toward to quadruplex
DNA structures with the binding affinity value significantly more
than normal duplex form of DNA, and this property of aloe
compounds may be correlated to their established anticancer
properties. Among three aloe compounds ALM was the most
effective G-quadruplex binding ligand and both the drugs ALM
and ALMG showed highest binding affinity toward the ¢-KIT
quadruplex sequence. ALN also have weak binding affinity to
these quadruplex-forming sequences. As the binding of ALM
and ALMG progressed, significant changes in absorption and
fluorescence spectra with moderate decrease in the molar
ellipticity value indicate most likely the base stacking
interactions of these two molecules. ALM, ALMG, and ALN,
all these three molecules are neutral in charge. Though cationic
charges in the DNA binding ligand facilitate their interaction by
the electrostatic contact between the molecule and negatively
charged phosphate group of DNA, it is not always the sole
determining factor in the binding phenomena. The presence of
the planar anthraquinone moiety in ALM and ALMG lead them
to hydrophobic interaction with quadruplex structures by
accumulation of base stacking forces due to aromatic 7—x
interaction. Overall, this study may be helpful for natural
compound-based therapeutics approaches of targeting the G-
quadruplex-dependent biological pathway.

B MATERIALS AND METHODS

Materials. Aloe vera-extracted compounds, aloe emodin
(hereafter ALM) and aloin (hereafter ALN), were purchased
from Cayman Chemical, USA, and aloe emodin-8-glucoside
(hereafter ALMG) was purchased from Santa Cruz Biotechnol-
ogy, USA. All compounds had purity >98%. All three aloe active
compounds are DMSO-soluble. So, stock solutions were
prepared by dissolving the compounds in 100% DMSO and
were kept protected from light."* All six sets of quadruplex-
forming oligos ¢-KIT, ¢-MYC, telomeric HUMTEL, BCL-2,
VEGF, KRAS, were obtained from Sigma-Aldrich and the
sequences are as follows:
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¢KIT d 5'[ GGGAGGGCGCTGGGAGGGAGGG]3’
c-MYC d S'[TGAGGGTGGGTAGGGTGGGTAA]3’

telomeric HUMTEL d S'[AGGGTTAGGGTTA-
GGGTTAGGG]3'

BCL-2 d 5'[GGGCGCGGGAGGAATTGGGCGGG]3’
VEGF d §'[ GGG GCGGGCCGGGGGCGGGG]3’

KRAS d 5'TAGGGCGGTGTGGGAAGAGGGAAGAG-
GGGGAGG]3’

Oligos were dissolved in phosphate buffer of pH 7.0
containing a potassium ion concentration of 100 mM.
Quadruplex structures of these oligos were prepared by heating
the solution at 95 °C for 10 min followed by very slow cooling to
5 °C and then equilibrating for 48 h at S °C. The quadruplex
formation was confirmed by optical melting studies at 295 nm
and also from the DSC thermogram study which revealed
characteristic thermal melting at 62.4 °C for ¢-KIT, 75.8 °C for c-
MYC, 54.7 °C for HUMTEL, 62.2 °C for BCL-2, 65.7 °C for
KRAS, and 70.5 °C for VEGF, respectively. All the experiments
throughout the study were performed in phosphate buffer of pH
7.0 containing a potassium ion concentration of 100 mM with
additional 1% DMSO.

Evaluation of the Binding Affinity by Absorption
Titration Study. Absorption titration of aloe compounds with
variety of quadruplexes was performed in the Jasco V660
spectrophotometer (Jasco International Co Ltd, Hachioji,
Japan). The changes in absorbance of free molecules were
monitored upon gradual addition of quadruplex solutions, at
respective characteristic absorption peaks ~430 nm for ALM,
410 nm for ALMG, and ~350 nm for ALN. Titration was carried
out till saturation, at 25 #+ 1.0 °C under conditions of constant
stirring. The obtained spectral data of ALM and ALMG were fit
into Scatchard plots of r/C; versus r and were analyzed by
McGhee—von Hippel equation, r/Cy= K(1 — ar)[(1 — nr) /{1 —
(n — 1)r}](n — 1), where r denotes the moles of the bound
ligand per mole of DNA, C; is the concentration of the free
ligand in solution, K; is the intrinsic binding constant, and n is the
number of DNA base pairs occupied by single ligand molecule.*”
Spectral data of ALN were analyzed by the Benesi—Hildebrand
equation.d'8

Binding Studies by Fluorescence Titration. ALM and
ALMG both have strong fluorescence signal with emission
maxima at 535 nm and 576 nm when at 430 and 410 nm,
respectively, though ALN does not show any fluorescence
property. Titration of free aloe molecules with increasing
concentration of quadruplexes was carried out in a quartz
cuvette (fluorescence free) of 1 cm path length by monitoring
the fluorescence intensity at respective emission maxima on a
Hitachi-F4010 fluorimeter (Hitachi, Tokyo, Japan). The data
obtained were analyzed by the same method as mentioned in the
absorption titration study.

Fluorescence Quenching Studies. Anionic quenchers
ferrocyanide [Fe(CN)4]*~ was used in increasing concentration
to the solution of aloe-active molecules and its complex with
quadruplex DNA, and changes in the fluorescence intensity were
monitored. The data were plotted as Stern—Volmer equation,
F,/F=1+K,[Q], where [Q] is the quencher concentration, F,
and F are the fluorescence intensities in the absence and in the
presence of the quencher. The K, value obtained from the slope
of the equation can be correlated to the accessibility of the DNA-
bound drug molecules by the quencher.”

Thiazole Orange Displacement Assay. As Thiazole
orange (TO) is a well-known quadruplex binding dye, its

displacement from the complex by some other molecules
indicates the quadruplex binding ability of the molecules.
Displacement assay was performed by monitoring fluorescence
emission by exciting at 501 nm with gradual addition of aloe-
active compounds on the prefolded G-quadruplex structure
(0.25 uM) and TO (0.50 M) complex. The decrease in
fluorescence intensity of the TO-quadruplex complex by aloe-
active compounds was plotted as percentage displacement, PD =
100 — ([F4/Fy,] X 100), (F,, and F, are fluorescence intensities
at 530 nm before and after the drug addition), against the
concentration of the added aloe compound, and the K, value
was calculated by curve fitting.*

Circular Dichroism Study. The Jasco J815 spectropolarim-
eter attached with a temperature control system (model
PTC348WI) was used for the CD study. CD scans of quadruplex
solution and their complex with aloe molecules were recorded
with a scan speed of 50 nm/min at a bandwidth of 1 nm using a 1
cm path length rectangular cuvette. Each spectrum was
represented after baseline correction, averaged from five
successive accumulations and smoothing within permissible
limits by the software.

Differential Scanning Calorimetry. Stabilization of the
nucleic acid structure by ligand binding can be evaluated by the
DSC thermogram study. Characteristic thermal denaturation of
the quadruplex structure may be altered by the influence of aloe-
active compound binding which was monitored by the Micro
Cal, Ing, differential scanning calorimeter (DSC). Initially both
the sample and the reference cells of the system were
equilibrated with the degassed buffer solution at 30 °C for 15
min and then scanned from 35 to 100 °C with a rate of 60 °C/h
several times until a stable overlapping baseline was achieved. As
the stable overlapping baseline was obtained, the buffer solution
was removed from the sample cell only within the cooling cycle
and then was filled with different quadruplex solutions and their
complex with aloe compounds. Each sample was scanned from
35 to 100 °C to get the DSC melting thermogram of quadruplex
structures. The plot of excess heat capacity versus temperature
obtained from DSC was analyzed by Origin 7.0 software to
determine the transition temperature (T,,) as the sharp peak.
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