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Annexure-I
Objective of the Project
The quest to understand specific interactions between drugs and nucleic acids dates back a
long time–more than 60 years. Even though the concept of gene targeting could not be
explicitly formulated until much later, there were early realizations that nucleic acid could
provide an excellent receptor for drugs. As the concept of specific gene targeting gained
momentum in the years of 1990s, different approaches to the recognition of biologically
meaningful sequences of base pairs made their appearance in the field of modern biology.
The first approach was triple helix formation, dating back to a very early observation from
Rich’s laboratory in 1957, in which a third polynucleotide strand sequence specifically
occupies the major groove of the double helix.
Systematic studies of the binding interactions between small molecules and RNAtriplex are essential for deciphering the parameters that govern RNA recognition. Among
the interacting small molecules flavonoids are a group of naturally available compounds that
are very valuable source for drug discovery. Their potential to act as antioxidant and
antiviral agent has been reported earlier. The project entitled “Binding of flavanoids to
duplex and triplex nucleic acid structures: Biophysical and thermodynamic approach” is
mainly concerned about the interaction of different compounds of flavones family with
triple helical forms of nucleic acid.
Thus the focus of this project is to study the interaction of some flavonoids with DNA
and RNA triple helices and characterization of the interaction process using various
spectroscopic techniques. Thermodynamic characterization of the interaction will also be
addressed using isothermal titration calorimetry (ITC) as a tool. Such detail studies will be
helpful to give a clue to design triplex-binding ligands as well as it may give the chance to
explore the scope of using the naturally occurring flavonoids as higher order nucleic acid
binder.
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Annexure-II
Whether objectives were achieved (Give details)
Detail achievements of the project are given bellow chapterwise:

1. Interaction of Kaempferol (KMP) with RNA Triplex and Duplex:
The interaction of flavonoids with various forms of RNA is the most promising area of
modern research associated with pharmaceutical development processes. Targeting RNA, by small
molecules of medicinal interest, serve as convincing targets for therapeutic agents which are very
useful in designing various clinical drugs. Among the different classes of flavonoids, kaempferol
(KMP), a common component of the human diet is richly found in tea, broccoli, apples, strawberries
and beans. The focus of our work is to characterize the binding of KMP with RNA triplex and
evaluation of structural properties of KMP on its RNA binding. For a comparison purpose we have
also studied the interaction of KMP with the double helical counterpart as well as single stranded
RNA.
Methods
To gain insight into the interaction study of KMP with three different polymorphic forms of
RNA (poly-U, poly(A).poly(U) and poly(U).poly(A)*poly(U)) we have employed various spectroscopic
tools to monitor the interaction. Mode of binding was ascertained from quenching as well as from
viscometric study. Energetic aspects of the interaction was also estimated from the temperature
dependence study.
Results
To study the interaction between KMP and RNA polymers, UV titration of KMP was
performed in SCH buffer (35 mM Cacodylate buffer of pH 7.0) at 20 °C by the addition of three
different RNA polymers. In presence of poly(A).poly(U) and poly(U).poly(A)*poly(U) the spectrum of
KMP was perturbed (Fig. 1), but on addition of poly-U to a fixed concentration of KMP, the spectrum
remained unchanged. The observed hypochromic and bathochromic shift in absorption spectra of
KMP bound triplex and duplex was due to the strong aromatic π-π stacking interaction. The
observed findings were an indication about the intercalation mode of binding. Presence of two
isosbestic points clearly point out the presence of equilibrium between the free and bound KMP in
solution. To obtain the binding parameters from the optical titration of KMP by duplex and triplex,
Scatchard plots were made. Non-linear, non-cooperative Scatchard plots were found. Data points
were fitted according to McGhee von-Hippel equation. The binding constants for the interaction of
KMP with triplex and duplex were 20 x 104 M-1 and 9.5 x 104 M-1 respectively at 20 °C.
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In our experimental condition, titration of KMP with RNA-triplex and duplex causes a marked
increase in fluorescence intensity (Fig. 2) whereas no change was observed for single stranded polyU. Enhancement of emission intensity basically supports the interaction of triple and double helical
RNA with KMP.
Binding stoichiometry of the interaction was again evaluated with the help of Job’s plot by using
fluorescence data. Binding stoichiometry calculated from the data was ~3.85 and ~2.81 respectively
for triplex and duplex bound KMP.
Fluorescence polarization anisotropy is a tool that helps us to know the possible location of targeted

Fig. 1. A. UV spectra of KMP (5.2 M, Curve 1) and
bound KMP in presence of saturating concentrations
of U.A*U (Curve 2) in SCH buffer at 20 C. B. UV
spectra of KMP (5.2 M, Curve 1) and bound KMP in
presence of saturating concentrations of A.U (Curve 2)
in SCH buffer at 20 C.

Fig. 2. Emission spectral changes of KMP in presence of
U.A*U and A.U in SCH buffer at 20 C. (A) curves 1-8
denote the emission spectrum of CHL (3.0 M) treated
with varying concentration of triplex. (B) Curves 1-6
denote the emission spectrum of CHL (3.0 M) treated
with increasing concentration of duplex.

drug in micro-heterogeneous environment of nucleic acids. It was found that anisotropy value was
increased three fold upon binding from the initial value in case of RNA-triplex complex whereas two
fold increments in the anisotropy value was obtained in case of duplex under identical condition.
Time resolved anisotropy decay measurements are a sensitive tool for ascertaining the information
about the rotational relaxation of the bound probe. The decay profiles of bound KMP showed
remarkable dip and rise profiles dictating two correlation times. The dip was more in case of triplex
bound KMP mostly signify that the KMP is bound with triple helical forms more strongly than double
helical forms of RNA.
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In lifetime measurements the appearance of bi-exponential decay profile of free KMP molecule was
probably due to the presence of two isomers of KMP i.e. normal and photo-produced isomer. The
lifetime value of the first component was remaining almost same on addition of both forms of RNA.
But the lifetime value of second component was changed from 4.7 ns to 8.4 and 7.9 ns at saturation
for triple and double helical bound KMP respectively.
On addition of quencher to the triplex bound KMP, the emission intensity remained almost same.
This result can be interpreted on the basis of the fact that KMP was inserted in between the base
doublet or triplet of RNA. So, in presence of quencher, KMP cannot come in close contact with
iodide. Iodide, being negatively charged cannot make a way into the core of RNA helix without
avoiding the repulsion of negatively charged phosphate groups around the helix. The result mainly
supports intercalation as a prominent mode of binding.
The relative specific viscosity value is increased with increase in D/P ([KMP]/[U.A*U or A.U]) ratio.
This value was almost constant for poly-U in free and bound condition. Both quenching and viscosity
data suggest together that the mode of binding of KMP was intercalation in case of U.A*U whereas it

Fig. 3. Thermal melting profiles of U.A*U triplex (panel A)
and A.U duplex (panel B) in absence and in presence of CHL.
(A) 20.0 M U.A*U triplex (--) and its complexation CHL at
D/P of 0.5 (--), 1.0 (--) (B) 20.0 M A.U duplex (--) and
its complexation CHL at D/P of 1.0 (--) in SCH buffer.

Fig. 4. (A) Circular dichroic spectra of U.A*U triplex
(25.0 M) treated with varying concentrations of KMP
in SCH buffer at 20 C. (B) Circular dichroic spectra of
duplex (25.0 M) with varying concentrations of CHL in
SCH buffer at 20 C.

was partial intercalation for A.U. KMP shows comparatively small effect on thermal melting
temperature of A.U but exhibits a remarkable change on the stabilization of Hoogsteen base paired
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third strand of U.A*U triplex (Fig. 3).In our experimental condition titration of RNA-triplex with KMP
leads observable changes in CD spectral behaviour whereas minor changes was seen when A.U was
titrated with KMP (Fig. 4).

Fig. 5. van’t Hoff plot for complexatation of KMP with U.A*U
(panel A) and A.U (panel B) in SCH buffer at different
temperatures.

Thermodynamic data of the interaction of KMP with triplex provides the information about the
nature of interaction as well as focus on the driving force of the interaction. The free energy change
of binding was mainly due to the exothermic nature of drug-RNA-triplex/duplex binding. Linear van’t
Hoff plot of the binding of KMP with both forms of RNA (Fig. 5) implies that heat capacity change
was negligible. Binding was favoured by positive entropy changes and negative enthalpy change.
Publication
L. Haque, S. Bhuiya, R. Tiwari, A. B. Pradhan and S. Das, RSC Adv. 6 (2016) 83551-83562.
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2. Interaction of Quercetin (QTN) with RNA Triplex and Duplex:
We have carried out comparative studies on the interaction of two flavonoids namely
quercetin (QTN) and morin (MOR) with double stranded poly(A).poly(U) (herein after AU) and triple
stranded poly(U).poly(A)*poly(U) (herein after U.A*U, dot represents the Watson–Crick and asterisk
represents Hoogsteen base pairing respectively) to find out the role of hydroxyl groups in the B-ring
of flavonoids in the stabilization of the third strand of triplex.
Methods
The interaction was monitored by various spectroscopic and viscometric techniques.
Results
The interaction of QTN and MOR with triple and
double helical forms of RNA was monitored by UV-Vis
absorption spectroscopy.

On binding with triplex and

duplex-RNA, spectrum of QTN is perturbed (Fig. 6) and a red
shift accompanying with a hypochromic effect is observed.
In case of MOR-RNA polymer interaction the spectrum of
MOR remains almost unperturbed.

Binding parameters

obtained from this study indicates stronger binding of QTN
with the triple and double helical form of RNA.
Excited state interaction of QTN and MOR was also
monitored by spectrofluorimetry. QTN exhibited little
emission intensity when excited at 367 nm. But intensity was
gradually increased upon addition of duo forms of RNA. Fig.
7 presents dual fluorescence profile for both titrations. Two

Fig. 6. A: UV spectra of QTN (7.3 M, Curve 1)
and bound QTN in presence of saturating
concentrations of U.A*U (Curve 2) and B: UV
spectra of QTN (7.3 M, Curve 1) and bound
QTN in presence of saturating concentrations
of A.U (Curve 2) SCH buffer at 25 C.

maxima correspond to the normal tautomer and photoproduced tautomer presented in Fig. 7.
While, in case of MOR, fluorescence intensity of MOR remains almost unchanged in presence of
triplex as well as duplex RNA.
Fluorescence polarization anisotropy data of the interaction of QTN with two different forms of RNApolymers shows increase in anisotropy value which indicates a restricted environment on
interaction. Such strong enhancement in anisotropy value is indicative of intercalation mode of
binding. In case of MOR the enhancement was very less.
Time resolved fluorescence decay of free and bound QTN exhibits bi-exponential decay. The
corresponding lifetime values obtained from the best fittings of the decay profiles. Lifetime value of
bound QTN was increased compared to the lifetime of QTN. Enhancement in lifetime values
suggested strong binding of QTN with both forms of RNA in excited state. In presence of either forms
8|Page
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of RNA, lifetime of MOR remains almost
unchanged indicating insignificant interaction
between MOR and RNA-polymers in the excited
state.
To determine the mode of binding fluorescence
quenching

experiment

is

employed

here.

Reduction in Stern-Volmer quenching constants
of bound QTN indicated that in case of RNApolymers, QTN resides in more restricted region.
Hence, on the basis of fluorescence quenching
experiment, it is ascertained that the binding is
intercalative in nature. In case of MOR, reduction
Fig. 7. Emission spectra of QTN in presence of RNA. (A) Curves
1-9 denote the titration of QTN (3.27 μM) treated with 0, 0.82,
1.63, 3.27, 6.54, 13.08, 19.62, 26.16 and 39.24 μM of U.A*U
triplex and (B) curves 1-9 denote the titration of QTN (3.27
μM) treated with 0, 0.82, 1.63, 3.27, 6.54, 19.62, 32.7, 49.05
and 58.06 μM of A.U duplex in SCH buffer at 25 C.

in quenching constant value is not too much
pronounced.
To confirm the binding mode of the two
flavonoids with the U*A.U triplex and A.U duplex,

viscometric study was employed. Fig. 8 represents the effect of addition of QTN on the viscosity of
triplex and duplex RNA solution. The gradual enhancement in the specific viscosity value of both
forms of RNA in presence of QTN unequivocally establishes the fact that the binding is intercalative
in nature. In case of MOR, viscosity of polymer solutions
remain unchanged. Quenching as well as viscometric
measurement confirms the mode of binding of QTN and
MOR towards duplex and triplex-RNA as intercalation and
groove respectively.
Fig. 9 represents the effect of QTN on the CD spectrum of
triple and double helices RNA. Perturbation in the CD
spectrum of RNA-polymers on addition of QTN is indicative
of intercalation as the predominant mode of binding. But the
CD spectrum of triplex and duplex remain unperturbed in
presence of saturating concentration of MOR. This result

Fig. 8. A plot of change of relative specific
viscosity of U.A*U triplex () and A.U duplex
() with increasing concentration of QTN in
SCH buffer at 25 C. The concentrations of
triplex and duplex were 250 M.

corroborates the fact that binding was groove binding.
Thermal melting results showed that the Hoogsteen base paired third strand becomes strongly
stabilized compared to the Watson-Crick strand in presence of QTN. The melting point (Tm) of
Hoogsteen base paired third strand increases up to ~16.6 °C while the Watson-Crick strand was
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stabilized up to ~4.3 °C upon interaction with QTN. On
the other hand, thermal melting experiment was also
performed in case of MOR and it has been found that
MOR has a very insignificant effect on the stabilization
of Hoogsteen as well as the Watson-Crick strand and
this is typical for a groove binding agent.
The experimental data presented here demonstrate
the importance of hydroxyl groups appended in various
positions in the B-ring of flavonoids in the stabilization
of the triple stranded RNA and duplex RNA structures.
In the present report we have observed more
specifically that, presence of hydroxyl groups in the Bring does not lead to stabilization of the RNA
Fig. 9. CD spectra of triplex (60.0 µM, curve 1)
treated with (A) of 3.27, 6.54, 13.08, 19.62, 26.16,
39.24 and 52.48 µM of QTN (curves 2–7) and (B)
duplex (60.0 µM, curve 1) treated with 19.62 and
52.48 µM of QTN (curves 2–3) in SCH buffer at 25
C.

structures, there should be presence of a catechol
moiety in the B-ring which stabilize the third strand of
RNA triple helices as well as the duplex RNA structure.

Publication: A. B. Pradhan, S. Bhuiya, L. Haque, S. Das, Archives of Biochemistry and Biophysics,
637 (2018) 9-20.
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3. RNA Triplex and Duplex Interaction with Fisetin:
A comparative study on the interaction of a naturally occurring flavonoid fisetin with RNA
triplex poly(U).poly(A)*poly(U) (herein after U.A*U) and its parent duplex poly(A).poly(U) (A.U) was
carried out. Stable triplexes play key roles in many biological processes. But the poor stability of
these structures (triplex and duplex) limits their practical use under physiological conditions. In this
regard, small molecules that are able to recognize, bind and stabilize the specific sequences of triple
helices are of importance. So, we choose plant secondary metabolite fisetin (FTN), a flavonol (3hydroxy flavone), as a ligand for our binding purpose.
Methods
The interaction was characterized by the changes observed in the absorption spectrum
(Spectrophotometry) and fluorescence spectrum (spectrofluoremetry), perturbation in the circular
dichroic (CD) spectrum and changes in fluorescence life time (TCSPC measurement). Mode of
binding of FTN to both U.A*U and A.U was revealed from viscosity measurement. DFT calculation
was performed for theoretical consideration.
Results
To study the interaction between FTN and different polymorphic forms of RNA,
spectrophotometric titration of FTN was performed in 35 mM Cacodylate buffer of pH 7.0 at 20 C
by the addition triplex and duplex RNA. The effect of addition of aliquots of U.A*U and A.U solution
to the absorption spectra of FTN are presented in Fig. 10.
Both the results show hypochromic effect on the intensity
maxima of FTN with increasing concentration of RNA
polymer until saturation is reached. The extent of
hypochromicity is more in case of triplex (Figure 1A) (~32%)
compared to that of duplex (Figure 1B) (~12%). In addition,
~10 nm bathochromic shift of λmax of FTN with triplex and ~5
nm bathochromic shift in case of duplex are observed. In
case of duplex, appearance of three clear isosbestic points
at 288, 379 and 417 nm respectively (Figure 1B) clearly
indicate the formation of one type of complex in our
experimental concentration range of FTN whereas with
triplex isosbestic points appear at 285 and 383 nm.
Appearance of such sharp isosbestic points indicate the
presence of two state systems consisting of bound and free
FTN species enabling application of equilibrium conditions in
the complexation.

Fig. 10. Spectrophotometric titration of FTN with
U.A*U triplex (panel A) and A.U duplex (panel B) in
35 mM cacodylate buffer of pH 7.0 at 20C.
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Fluorescence titrations of FTN with U.A*U and A.U were
carried out at 20 C in 35 mM cacodylate buffer of pH 7.0.
The emission spectrum of FTN was recorded in the
wavelength range 370-700 nm by exciting the fluorophore
FTN at 361 nm. On addition of either forms of RNA to FTN
fluorescence intensity of FTN was enhanced gradually (Fig.
11) and the broad nature of FTN spectrum changes to
sharp maximum on saturation. The enhancement was
more in case of triplex bound FTN than duplex bound FTN.
A blue shift of emission peak of FTN was observed in
presence of both forms of RNA. Comparative studies of
binding of triplex and duplex with FTN manifested the
preferential binding of FTN with triplex than with the
Fig. 11. Representative emission spectra of FTN
in presence of triplex (panel A) and duplex (panel
B) in 35 mM cacodylate buffer of pH 7.0 at 20 C.

duplex.
Binding stoichiometry of the interaction was evaluated by
constructing Job’s plot using spectrofluoremetry. The

stoichiometry was found to be ~3.1 and ~4.4 for the complexation of FTN with triple and double
helical forms of RNA.
The fluorescence lifetime decay profiles of FTN in absence
and in presence of both forms of RNA are presented in Fig.
12. Here, free FTN showed a bi-exponential decay profile
probably due to the presence of normal and photoproduced tautomer of FTN. On addition of polymorphic
forms of RNA, the lifetime value of the first component
remained same but the lifetime value of second component
was changed appreciably.In steady-state fluorescence
anisotropy measurement, an initial sharp rise in the
anisotropy value indicates the enhancement in motional
restriction on the FTN within RNA environment. No
significant increase at the later stage probably due to the
saturation of the interaction between FTN and RNA. To
obtain additional information about microenvironment
around the flavonoid FTN, time-resolved fluorescence
anisotropy decay measurement of FTN in the duplex and

Fig. 12. Time-resolved fluorescence decay
curves (for FTN in absence and in presence of
increasing concentration of (A) triplex and (B)
duplex at 20 oC in 35 mM cacodylate buffer of
pH 7.0.

triplex environment has been performed. FTN shows bi-exponential decay. Interestingly, it is found
to demonstrate an unusual ‘‘dip-and-rise’’ pattern in RNA environment. Such a ‘dip-and-rise’ pattern
is an indication for the appearance of at least two populations, one with a short fluorescence
lifetime and another with both the time constants longer compared to those of the first population.
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Thermal melting profiles of the U.A*U triplex in absence and in presence of FTN are presented in Fig.
13. FTN strongly stabilizes the third strand of the triplex compared to the respective Watson and
Crick duplex. On binding with FTN triplex is stabilized by
~14 °C whereas duplex A.U is stabilized by ~3 °C on
binding with FTN.
Viscometric study was exploited to confirm the mode of
binding of FTN with RNA. The relative specific viscosity
of the RNA-FTN complex increased almost linearly with
increasing D/P ([FTN]/[Triplex or duplex] molar ratio)
which clearly establishes intercalation mode of binding
of FTN to both forms of RNA. This data along with the
hypochromism in the absorbance spectrum support an
intercalating complexation of FTN with both triple and
double helical forms of RNA.
The CD spectrum of U.A*U triplex and A.U duplex was
perturbed in presence of FTN. Binding of FTN to the RNA
duplex causes comparatively less perturbation in the CD

Fig. 13. Thermal melting profiles of U.A*U triplex
(panel A) and A.U duplex (panel B) in absence and
in presence of FTN.

spectrum. The binding of FTN to the triplex was characterized by the appearance of small negative
extrinsic CD band in the region 320-410 nm whereas for duplex it appears around 360 nm.
To ascertain the molecular mechanism involved in the experimentally observed photophysical
properties of the flavonoid FTN upon interaction with RNA duplex and triplex, we investigated the
structural, electronic and optical properties of FTN using
density functional theory (DFT) combined with timedependent

density

functional

theory

(TD-DFT)

calculations as implemented in the Gaussian 09 package.
From DFT, using the energy difference associated with
the relevant frontier molecular orbitals (HOMO and
LUMO), it can be stated that the normal form of FTN is
much stable than the corresponding photo-produced
Fig. 14. DFT computed HOMO-LUMO diagram and
the corresponding HOMO-LUMO energy of FTN.

tautomer (Fig. 14). The electronic values, such as
absorption wavelengths (), excitation energies (E),

oscillator strengths (f), major contributions of the transitions, assignments of electronic transitions
and experimental absorption wavelengths (energies) are calculated. TD-DFT calculations predicted
theoretical UV-Vis spectra as a quite logical and well agreement with experimental one.
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Overall, a multi-spectroscopic investigation was employed to monitor the interaction of flavonoid
FTN with RNA duplex and RNA-triplex. The present study reveals that FTN exhibits stronger binding
with RNA triplex compared to the respective parent duplex and FTN significantly stabilizes the
Hoogsteen base paired third strand of U.A*U compared to their respective Watson-Crick strand.
Viscometric data revealed that the mode of binding of FTN to both triple and double helical forms of
the RNA was intercalation.
Publication: S. Bhuiya, L. Haque, R. Goswami, S. Das, Journal of Physical Chemistry B, 121 (2017)
11037-11052
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4. Luteolin-RNA Triplex Interaction:
Naturally occurring flavonoid luteolin (LTN) was found to interact with double stranded
poly(A).poly(U) and triple stranded poly(U).poly(A)*poly(U) with association constants of the order
of 104 M-1. In this present work we have carried out the interaction of LTN with double and triple
helical RNA under specified experimental conditions.
Methods
The association was monitored by various spectroscopic and viscometric techniques.
Results
Experimental data reveal that binding of LTN is stronger with RNA-triplex compared that of
the duplex counterpart. Relevant experimental outcome focused on their interaction, mode of
interaction and on the strength of interaction. Bathochromic shift in the absorption spectra of LTN
on interaction with triplex and duplex primarily manifested intercalation as the mode of binding (Fig.
15).
LTN itself is a fluorescent molecule. On binding with both forms of RNA fluorescence intensity was
remarkably increase (Fig. 16). Enhancement of emission intensity supports the interaction of LTN
with RNA. The spectral changes in both cases showed dual fluorescence behavior. Due to the
Presence of two different forms of LTN in excited state such behavior
Quenching of fluorescence intensity of LTN in bound form in comparison with free form also
supports intercalation as the prominent mode of binding.

Fig. 15. UV spectra of LTN (4.2 M, Curve 1) and bound
LTN in presence of saturating concentrations of U.A*U
(Curve 2) (panel A) and A.U (Curve 2) (panel B) in SCH
buffer at 20 C.

Fig. 16. Representative fluorescence emission spectral
changes of LTN in presence of U.A*U (panel A) and A.U
(panel B) in SCH buffer at 20 C.
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Viscometric results showed that the viscosity of RNA-solutions was increased upon addition of LTN.
Which clearly confirms the mode of bonding with two forms of RNA was intercalation.
Fluorescence lifetime analysis provides a method for asserting the local environments of fluorophore
and its response towards excited state interaction. . The decay profile for free LTN was biphasic in
nature. It was probably for the presence of two isomers of LTN in the excited state. The lifetime
value of the free LTN was 3.7 and 0.3 ns. On binding with LTN lifetime value of the first component
was changed to 7.6 and 6.4 ns for triple and
double helical forms of RNA bound LTN
correspondingly.
Assymmetry of both forms of RNA was
perturbed in presence of achiral LTN. CD
experiments also support intercalation as
the predominant mode of interation (Fig.
17).

Since,

the

interaction

study

of

flavonoids with different polymorphic forms
of nucleic acid is really a promising field of
Fig. 17. (A) Circular Dichroic spectra of U.A*U triplex (26.2
M) treated with varying concentrations of LTN in SCH
buffer at 20 C. (B) Circular Dichroic spectra of duplex (26.0
M) with varying concentrations of LTN in SCH buffer at 20
C.

modern research; present report will bring
out the new possibility of using flavonoid as
antiviral drugs.

Publication: R. Tiwari, L. Haque, S. Bhuiya and S. Das, Int. J. Biol. Macromol., 103 (2017) 692-700.
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5. The Interaction of Phenazinium Dye Phenosafranine to RNA

Fig. 18. PSF intercalation in the base pairs of RNA-triplex.

Triple and Double Helices:
Triple helical nucleic acids or triplex are formed from the combination of three
oligonucleotides. In the double stranded form the base pairs are joined through Watson-Crick base
pairing while the third strand of the triplex is joined through Hoogsteen base pairing. The Hoogsteen
base paired strands are less stable compare to the Watson-Crick strands. Thus stabilization of the
Hoogsteen strand gains importance due to the implication of stable triplexes in various biological
processes. For this reason here we have monitored the effect of phenosafranine, a phenazinium dye
on the structure of poly(U).poly(A)*poly(U) triplex. Through a series of spectroscopic and viscometric
study we have found that the dye binds to triplex or duplex through the mechanism of intercalation
and it stabilizes the Watson-Crick strand while the Hoogsteen strand remains unaffected.
Publication: A. B. Pradhan, H. K. Mondal, L. Haque, S. Bhuiya and S. Das, Int. J. Biol. Macromol. 86
(2016) 345–351.
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Fig. 19. CHL converts protonated DNA to B-form DNA on interaction.

6. Chelerythrine-protonated DNA interaction:
A study on the interaction of benzophenanthridine plant alkaloid chelerythrine (CHL) with
low pH induced protonated form and conventional B-form DNA was carried out by using a
combination of various spectroscopic and viscometric techniques. The interaction of the alkaloid
with protonated form of DNA was characterized by the typical hypochromic and bathochromic shifts
in the absorption spectrum, increase of thermal melting temperature, increase in solution viscosity
and perturbation in circular dichroic spectrum. Binding constant for the association of CHL with
protonated DNA was of the order of 105 M-1. The mode of binding of CHL with protonated DNA was
characterized from the absorption spectral studies, viscosity measurements and quenching
experiments. The stabilization of protonated DNA on binding with CHL was revealed from thermal
melting studies. CD spectral studies revealed that CHL converted the protonated form of CT-DNA to
the right handed B form.
Publication: L. Haque, A. B. Pradhan, S. Bhuiya and S. Das, J. Luminescence 173 (2016) 44–51.
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7. Interaction of Chelerythine with BSA:

Fig. 20. BSA binds with two different forms of CHL.

The interaction between a quaternary benzophenanthridine alkaloid chelerythrine (herein
after, CHL) and bovine serum albumin
(herein

after,

BSA)

was

probed

by

employing various spectroscopic tools and
isothermal

titration

calorimetry

(ITC).

Fluorescence studies (Fig. 21) revealed that
the binding affinity of the alkanolamine
form of the CHL is higher compared to the
iminium counterpart. This was further
established by fluorescence polarization
anisotropy

measurement

and

ITC.

Fig. 21. Stereo view of the docked conformation of (A) CHL (I) and (D)
CHL (A) with BSA. The site of the interaction of CHL is magnified on the
right panels (B & C for CHL (I) and E & F for CHL (A)) in the near vicinity
(within 0.39 Å) of the protein at the interaction site.

Fluorescence quenching studies along with time-resolved fluorescence measurements establish that
both forms of CHL quenched the fluorescence intensity of BSA through the mechanism of static
quenching. Site selective binding and molecular modeling studies revealed that the alkaloid binds
predominantly in the BSA subdomain IIA by electrostatic and hydrophobic forces. From FRET studies,
the average distances between the protein donor and the alkaloid acceptor were found to be 2.71
and 2.30 nm between tryptophan (Trp) 212 (donor) and imi nium and alkanolamine forms
(acceptor), respectively. Circular dichroism (CD) study demonstrated that the α-helical organization
of the protein is reduced due to binding with CHL along with an increase in the coiled structure.
Thermodynamic parameters obtained from ITC experiments revealed that the interaction is favored
by negative enthalpy change and positive entropy change.
Publication: S. Bhuiya, A. B. Pradhan, L. Haque and S. Das, J. Phys. Chem. B 120 (2016) 5-17.
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8. Complexation of Quercetin with Yeast Alcohol Dehydrogenase:

Fig. 22. Association of Quercetin (QTN) with Yeast ADH.

A multispectroscopic exploration was employed to investigate the interaction between the
metalloenzyme alcohol dehydrogenase (ADH) from yeast with bioflavonoid quercetin (QTN). Here,
we have characterized the complex formation between QTN and Zn2+ in aqueous solution and then
examined the effect of such complex
formation on the enzymatic activity of a
zinc(II)-dependent
dehydrogenase

enzyme
from

yeast.

alcohol
We

have

observed an inhibition of enzymatic activity of
ADH in presence of QTN. Enzyme inhibition
kinetic experiments revealed QTN as a noncompetitive inhibitor of yeast ADH (Fig. 23).
Perturbation of Circular dichroism (CD)
spectrum of ADH in presence of QTN is
observed due to the structural changes of

Fig. 23. Lineweaver-Burk plots for the yeast ADH catalyzed
oxidation of ethanol.

ADH on complexation with the said flavonoid.
Our results indicate a conformational change of ADH due to removal of Zn2+ present in the enzyme
by QTN. This was further established by molecular modeling study which shows that the flavonoid
binds to the zinc atom which maintains the tertiary structure of the metalloenzyme ADH. So, QTN
abstracts only half of the Zn2+ atoms present in the enzyme i.e. one Zn2+ atom per monomer. From
the present study, the structural alteration and loss of enzymatic activity of ADH are attributed to
the complex formation between QTN and Zn2+.
Publication: S. Bhuiya, L. Haque, A. B. Pradhan and S. Das, Int. J. Biol. Macromol. 95 (2017) 177184.
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9. Micelle Assisted Structural Conversion of Benzophenanthridine
Alkaloids:

Fig. 24. SDS driven structural conversion of alkaloids

The anionic micelle (Sodium dodecyl sulfate, SDS) driven structural conversion of two
benzophenanthridine plant alkaloids namely Chelerythrine (herein after CHL) and Sanguinarine
(herein after SANG) is reported in this work. Both the alkaloids exist in two forms: the charged
iminium and the neutral alkanolamine form. The iminium form is stable in low pH (<6.5) and the
alkanolamine form exist in higher pH (>10.1). The fluorescence intensity of the alkanolamine form is
much stronger than that of the iminium form. The iminium form of both the alkaloids remains stable
whereas the alkanolamine form gets converted to the iminium form in the SDS micelle environment.
The iminium form possess positive charged and it seems that electrostatic interaction between the
positively charged iminium and negatively charged surfactant leads to the stabilization of the
iminium form in the Stern layer of the anionic micelle. Whereas the conversion of the alkanolamine
form into the iminium form takes place and that can be monitored in naked eye since the iminium
form is orange in colour and the alkanolamine form has blue violet emission. Since for a drug, it is
necessary to investigate their action at the active site of the biologically important macromolecules.
Therefore the results presented here may be useful for monitoring the action of CHL or SANG for
effective therapeutic agents without exploiting any sophisticated instruments.
Publication: A. B. Pradhan, S. Bhuiya, L. Haque, R. Tiwari and S. Das, Spectrochim. Acta Part A:
Molecular and Biomolecular Spectroscopy 170 (2017) 89–96.
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Fig. 25. Interaction of Chelerythrine with duplex poly (rA).

10. Binding of Chelerythrine with duplex poly (rA):
Here we have reported a detail study on the interaction of the benzophenanthridine alkaloid
chelerythrine (CHL) with double stranded polyriboadenylic acid [ds poly (rA)] by exploiting various
spectroscopic techniques. The alkaloid shows high binding affinity (binding constant is 1.10x105 M-1)
towards the double stranded RNA as revealed from
Scatchard plot. The binding was confirmed by
hypochromic effect in the UV–Vis spectrum of CHL,
increase

in

fluorescence

intensity

of

CHL

and

perturbations of the circular dichroism (CD) spectrum of
ds poly (rA). Later fluorescence quenching, cooperative
CD melting transition, viscometric and molecular
modeling studies establish the fact that the alkaloid
binds to the ds poly (rA) by the mechanism of
intercalation. Thermodynamic parameters obtained
from the isothermal titration calorimetric (ITC) study
show that the binding is favoured by negative enthalpy
and small positive entropy changes (Fig. 26). This report

Fig. 26. ITC profile for the binding of CHL (225.0 µM)
to ds poly (rA) (25.0 µM) in 10 mM CP buﬀer of pH
4.5 at 25 C.

may be a model for intercalation of small molecule like
CHL to the double stranded RNA.
Publication: A. B. Pradhan, S. Bhuiya, L. Haque, and S. Das, Int. J. Biol. Macromol. 95 (2017) 340347.
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11. Self Structure Induction in Poly (rA) by the Alkaloid Nitidine:

Here we have studied the interaction of nitidine, a benzophenanthridine alkaloid with single
stranded polyriboadenylic acid [ss-poly (rA)]. The interaction leads to self-structure induction in sspoly (rA) under the experimental condition of pH 7.0. Interaction of nitidine with ss-poly (rA) was
ascertained by monitoring the change in absorbance, fluorescence intensity and circular dichroism
values. Binding mode of nitidine with ss-poly (rA) was observed to be intercalation as confirmed
from the quenching and viscometric studies. The association was characterized by both negative
enthalpy and entropy changes accompanying with a moderately high binding constant of 5.10x10 5
M-1. Nitidine induced double helical organization in single stranded poly (rA) under the experimental
pH.
Publication: L. Haque, S. Bhuiya and S. Das, Int. J. Biol. Macromol., 106 (2018) 1130-1138
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12. Interaction of Chelerythrine with HSA:

By employing various spectroscopic, calorimetric and docking simulation, interaction of two forms of
Chelerythrine (CHL) with HSA was investigated. Initially binding position of CHL within HSA was
ascertained. Spectroscopic investigation revealed that the alkanolamine form of CHL undergoes
stronger association with HSA compared to the iminium counterpart. Such binding induces some
unfolding of the secondary and tertiary structure of protein. This fact is detected from the far UV CD
spectral analysis. From site selective competitive binding assay it was seen that both iminium and
alkanolamine forms of CHL bind at Sudlow’s site I in subdomain IIA of HSA. Electrostatic interaction
plays the major role in CHL (iminium form) binding whereas hydrophobic interactions are
predominated in the stabilization of CHL(alkanolamine)HSA complex. Isothermal titration
calorimetric experiments revealed that the binding of CHL (iminium) with HSA was favoured by
negative enthalpy change and opposed by negative entropy change. Whereas, the association of
alkanolamine form of CHL with HSA was characterized by both positive enthalpy and entropy
changes.
Publication: S. Bhuiya, L. Haque and S. Das, New J. Chem., 42 (2018) 2180-2196
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13. Structural Alteration of Low pH Induced Protonated form DNA
by the Alkaloid Nitidine:
Polymorphism of DNA plays a very important
part of research relating to the drug-DNA
interactions.

Here

main

focus

of

our

investigation is to monitor the interaction of the
benzophenanthridine plant alkaloid, nitidine
(NIT) with two different forms of DNA i.e. BDNA and protonated form of DNA maintaining
proper temperatures and buffer conditions.
Binding interaction of NIT was ascertained from
the

UV-Visible

spectrofluorimetric

spectroscopic
titration

and

experiments.

Binding constants of the interactions of NIT with
different polymorphic forms were calculated
from
Fig. 27 CD spectra of A. B-DNA (50.0 M) in absence (black) and
in presence of 0.4, 1.1, 2.6, 3.7, 5.2 and 7.9 M NIT in CPB-1

UV-absorption

study.

The

binding

constants were 3.8 x 105M-1 and 1.3x 105M-1 for

buffer at 20 °C and B. Protonated-DNA (50.0 M) in absence

B-DNA and protonated DNA respectively. Red

(black) and in presence of 0.7, 1.4, 2.2, 3.3, 6.2 and 7.5 M NIT

shift in the absorption maxima of NIT on binding

in CPB-2 buffer at 10 °C.

with DNA, comparatively greater relative

quenching of fluorescence intensity of free NIT than bound NIT, perturbation in the CD spectrum of
DNA in presence of NIT confirmed the mode of binding as intercalation.

Moreover,

spectropolarimetric experiment confirms that left handed protonated form of DNA gets partially
converted to the canonical B form of DNA while binds with NIT. Besides the CD experiment, thermal
melting experiment also showed that on binding with NIT stabilization of protonated DNA was
increased to an appreciable extent.
Publication: L. Haque, S. Bhuiya and S. Das, Int. J. Biol. Macromol., 119 (2018) 1106-1112

CD spectra of A.B-DNA (50.0 M) in absence (black) and in
presence of 0.4, 1.1, 2.6, 3.7, 5.2 and 7.9 M NIT in CPB-1 buffer
at 20 °C and B. Protonated-DNA (50.0 M) in absence (black)
and in presence of 0.7, 1.4, 2.2, 3.3, 6.2 and 7.5 M NIT in CPB-2
buffer at 10 °C.
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Annexure-III
Achievements of the Project
Study on drug-nucleic acid interaction has been in the focus for the last seventy years in
order to find new and developed therapeutic agents. During the course of the progress of
this field increasing efforts have been dedicated in hope to understand the structural and
functional aspects of small molecule-nucleic acid interaction. A large number of studies have
been focused on the interaction of small molecules with double and single stranded nucleic
acid (both DNA and RNA). With the advancement of research and knowledge, studies has
been done on the interaction of such molecules on with non-canonical alternate
polymorphs of nucleic acids, namely Z-form, protonated form, H-form etc. As the concept of
specific gene targeting gained momentum in the years of 1990s, different approaches to the
recognition of biologically meaningful sequences of base pairs made their appearance in the
field of modern biology. In this context, the higher ordered nucleic acid structures gained
immense importance. Such structures include the triple helical nucleic acid and quadruplex
nucleic acid. Among both of them, triplex formation has continued to earn a lot of interest
in the scientific area because of the possible applications in developing new molecular
biology tools. Naturally occurring triplexes are important for shaping RNAs into complex
three-dimensional architectures and for diverse biological roles. The stability of RNA-triplex
is basically weaker than their parent duplex. Poor stability of triplex leads its limitations in
their applications in vivo. On binding with small molecules, stability of triplex is enhanced in
most of the cases. Design and development of RNA targeted small molecules is challenging
in the present situation. The focus of our study was on the systematic approach towards the
structural, functional and energetic aspects on the interaction of naturally occurring
flavonoids with double and triple helical structures of nucleic acids.
At physiological pH third strand of RNA triplex (poly(U).poly(A)*poly(U))is only stable up to
35 °C. Flavonoids of medicinal value are chosen for the stabilization purposes. kaempferol,
quercetin, fisetin and luteoline are naturally occurring small molecules, which are used to
stabilize the Hoogsteen base paired third strand of the RNA-triplex. kaempferol binds with
the RNA triplex and stabilized the third strand ~14 °C. Besides the stabilization effect of
kaempferol it will be helpful for exploring flavonoids as anti-viral drug. Alongside, quercetin,
luteoline and fisetin also stabilized the third strand of triplex through a greater extent.
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Annexure-IV
Summary of the findings (in 500 words).
Triple helical nucleic acids have gained a lot of interest due to its applications in anti-gene strategy
and in therapeutics. In the present scientific scenario investigation with naturally occurring small
molecules, which can interact with different forms of RNA, is seriously a great challenge. During this
project period different flavonoids were selected for the interaction study. Kaempferol, a bioflavonoid which is abundant in fruits and vegetables, are shown to intercalate into the duplex and
triplex RNA. KMP shows comparatively small effect on thermal melting temperature of A.U but
exhibits a remarkable change on the stabilization of Hoogsteen base paired third strand of U.A*U
triplex. Various spectroscopic investigations and calorimetric experiment have shown that
interaction is of the order of 105 M-1 and the binding was driven by negative enthalpy and positive
entropy change. Two flavonoids, namely quercetin and morin are selected for running a comparative
interaction study to understand the role of hydroxyl groups present in the flavonoids. Spectroscopic
and viscometric tools were employed for this study. Results showed that the presence of hydroxyl
groups in the B-ring does not lead to stabilization of the RNA structures; there should be presence of
a catechol moiety in the B-ring which stabilizes the third strand of RNA triple helices as well as the
duplex RNA structure. A multi-spectroscopic investigation was employed to monitor the interaction
of another flavonoid fisetin with RNA duplex and RNA-triplex. Fisetin exhibits stronger binding with
RNA triplex compared to the parent duplex. Fisetin stabilizes the Hoogsteen base paired third strand
of U.A*U compared to their respective Watson-Crick strand. Viscometric results confirmed the mode
of binding as intercalation. By using DFT and TD-DFT calculation it can be seen that normal form of
fisetin is more stable than it’s photoproduced tautomer. In the excited state photoproduced
tautomer interacts with the RNA-polymers due to the reason. TD-DFT calculations predicted
theoretical UV-Vis spectra as a quite logical and well agreement with experimental one. Luteolin, a
naturally occurring flavonoid was found to interact with double stranded RNA and triple stranded
RNA with association constants of the order of 104 M-1. The mode of interaction was intercalation as
confirmed from viscometric experiment.
Besides the interaction study between RNA-polymers with the flavonoid, interaction of alkaloids,
which are also obtained from plants with different forms of DNA and RNA were also studied.
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Annexure-V
CONTRIBUTION TO THE SOCIETY
Current research in drug discovery from medicinal plants involves a multifaceted approach
combining botanical, phytochemical, biological, and molecular techniques. Drug discovery continues
to provide new and important leads against various pharmacological targets including cancer,
HIV/AIDS, Alzheimer's, malaria, and pain. Drug discovery from medicinal plants has played an
important role in the treatment of various diseases over the last half century. The main objectives of
the project are searching of naturally occurring molecules of medicinal value.
Flavonoids are naturally occurring secondary metabolites of plants. They are rich in different seeds,
fruits and vegetables. Flavonoids have anti-oxidant, anti-viral, anti-inflammatory properties.
Moreover, they are involved in various enzymatic activities. Parallelly RNA is biologically more
important molecule than DNA. It carries genetic information from gene to the translational
machinery where it is decoded in protein. RNA-triplex is involved in many biological functions. The
structure of RNA-triplex found in the conserved pseudoknot domain of the telomerase, which is
essential for telomerase activity. Triplex are also important for shaping RNA. Keeping in mind the
importance of the RNA-triplex, first priority is to stabilize the RNA-triplex as triplex RNA is less stable
in normal physiological condition. Molecules with the ability of recognize and bind a specific
sequence of RNA helix is of prime interest as they have potential to be useful as therapeutic agents.
In this project some naturally occurring small molecules such as kaempferol, quercetin, fisetin and
luteoline are selected for performing binding study with double and triple helical forms of RNA
which can stabilize the Hoogsteen base paired third strand with an appreciable extent. They are
clinically important and possess anti-oxidant properties.
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a b s t r a c t
Here we have reported a detail study on the interaction of the benzophenanthridine alkaloid chelerythrine
(CHL) with double stranded polyriboadenylic acid [ds poly (rA)] by exploiting various spectroscopic techniques. The alkaloid shows high binding afﬁnity (binding constant is 1.10 × 105 M−1 ) towards the double
stranded RNA as revealed from Scatchard plot. The binding was conﬁrmed by hypochromic effect in
the UV–vis spectrum of CHL, increase in ﬂuorescence intensity of CHL and perturbations of the circular
dichroism (CD) spectrum of ds poly (rA). Later ﬂuorescence quenching, cooperative CD melting transition, viscometric and molecular modeling studies establish the fact that the alkaloid binds to the ds poly
(rA) by the mechanism of intercalation. Thermodynamic parameters obtained from the isothermal titration calorimetric (ITC) study show that the binding is favoured by negative enthalpy and small positive
entropy changes. This report may be a model for intercalation of small molecule like CHL to the double
stranded RNA.
© 2016 Elsevier B.V. All rights reserved.

1. Introduction
The availability of RNA as single stranded oligonucleotide makes
it the most versatile nucleic acid in nature. The linear sequences of
RNA fold themselves into speciﬁc shapes which give rise to different conformations with distinct chemical properties. RNA is unique
amongst nucleic acids as it encodes genetic information, recognizes
and transports small molecules, provides structural scaffolding and
carries out many forms of biological processes in the cell. The single stranded oligomer forms double stranded RNA (herein after ds
RNA) depending upon pH, temperature and ionic strength of the
medium [1,2]. RNA duplexes adopt A-form (contain 11 base pairs
per turn) structure which is more compact compared to the B-form
DNA conformation. The two grooves in A-form RNA differ from
those in B-DNA. In the A-form RNA structure the “major” groove
is very narrow and deep, while the “minor” groove is wide and ﬂat.
As a result, small molecules employ a different set of strategies for
the two grooves to recognize RNA [3].
Polyriboadenylic acid [herein after, poly (rA)] is a single stranded
RNA gained importance due to its signiﬁcant role in gene expression, maturation and stabilization of RNA [4]. Davies et al. have
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0141-8130/© 2016 Elsevier B.V. All rights reserved.

reported that poly (rA) exists as a single stranded form at pH 7.0 and
0.15 M [Na+ ]. However at pH 4.5 and at temperatures lower than
15 ◦ C, the single stranded form adopts poly (rA)–poly (rA) double
helix conformation [5]. This unique feature of poly (rA) (available as
single as well as parallel double stranded form) makes it an important nucleic acid [2,6,7]. The poly (rA) tails synthesized by poly
(rA) polymerase (PAP), are found at the 3 -end of mRNAs which
are important factors for stability, maturation as well as the initiation of translation of mRNA [8,9]. Another recently identiﬁed
PAP, neo-PAP, is also able to modify RNA with poly (rA) tails, but
is speciﬁcally over expressed in many kinds of cancer with respect
to healthy cells [10]. Furthermore, this over expression nature and
enhanced polyadenylation activity of poly (rA) in cancer cells makes
poly (rA) is an important candidate for anticancer strategies [11].
Small molecules that can recognize poly (rA) tail selectively, have
the potential to affect the translation process of cellular mRNA in
healthy as well as in neoplastic cells. In this way the production
of proteins in the cell is controlled and it leads to new therapeutic
strategies based on poly (rA) binders [12].
Alkaloids are a family of naturally occurring small molecules
which are ubiquitous in nature with potential therapeutic applications. Benzophenanthridine group of alkaloids are of great
importance for their diverse biological effects. Many of these
alkaloids are strong binders to different polymorphic forms
of nucleic acids and are currently under scientiﬁc exploration
to develop RNA targeting drugs [13]. Chelerythrine (herein
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a b s t r a c t
A multispectroscopic exploration was employed to investigate the interaction between the metalloenzyme alcohol dehydrogenase (ADH) from yeast with bioﬂavonoid quercetin (QTN). Here, we have
characterized the complex formation between QTN and Zn2+ in aqueous solution and then examined
the effect of such complex formation on the enzymatic activity of a zinc(II)-dependent enzyme alcohol
dehydrogenase from yeast. We have observed an inhibition of enzymatic activity of ADH in presence of
QTN. Enzyme inhibition kinetic experiments revealed QTN as a non-competitive inhibitor of yeast ADH.
Perturbation of Circular dichroic (CD) spectrum of ADH in presence of QTN is observed due to the structural changes of ADH on complexation with the above ﬂavonoid. Our results indicate a conformational
change of ADH due to removal of Zn2+ present in the enzyme by QTN. This was further established by
molecular modeling study which shows that the ﬂavonoid binds to the Zn2+ ion which maintains the tertiary structure of the metallo-enzyme. So, QTN abstracts only half of the Zn2+ ions present in the enzyme
i.e. one Zn2+ ion per monomer. From the present study, the structural alteration and loss of enzymatic
activity of ADH are attributed to the complex formation between QTN and Zn2+ .
© 2016 Elsevier B.V. All rights reserved.

1. Introduction
Naturally occurring small molecules have always been in the
focus of study for their diverse biological activities. Among these,
ﬂavonoids have received considerable attention because of their
wide range of pharmacological effects. Flavonoids are naturally
occurring polyphenolic secondary metabolites that are ubiquitous
in higher plants. They are low molecular weight organic compounds
and categorized according to chemical structure into ﬂavonols,
ﬂavones, isoﬂavones, ﬂavanones, anthocyanidins, catechins and
chalcones. The basic structure is usually characterized by two aromatic rings, ring A and ring B, which are joined by a three-carbon
atoms that linked ␥-pyrone ring (ring C), forming a C6–C3–C6 skeleton where polar groups, usually hydroxyl or methoxy appeared
at various positions. The efﬁciency of ﬂavonoids as antioxidant
compounds greatly depends on their chemical structures. Three
structural features being the most important as observed by
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Jurasekova et al. [1] and other groups [2–4]: (i) the catechol moiety
in the B ring, which is a radical target site; (ii) the C2 = C3 bond in
conjugation with a 4-keto function in the ␥-pyrone ring, which is
responsible for electron delocalization from the B ring; and (iii) the
presence of both 3- and 5-hydroxyl groups for radical scavenging.
Further, the catechol moiety, as well as 4-keto and additional 3or 5-hydroxyl groups plays important role in chelating metal ions
[5,6]. They possess anticancer, antiviral, antimicrobial, antiinﬂammatory and antiallergic potential [7–10].
Quercetin (C15 H10 O7 ) (3,5,7,3 ,4 -pentahydroxy-ﬂavone, herein
after QTN, Fig. 1), is one of the most abundant bioﬂavonoids
and more speciﬁcally ﬂavonol, widely distributed in edible fruits
and vegetables. QTN possesses all the three structural features
described earlier. It acts as an antioxidant and shows antitumor
activity [11–13]. More speciﬁcally antioxidant activity of QTN is a
proof of ability to act as free radical scavenger [14]. QTN can chelate
with different metal ions to form metal complexes that enhance
the antioxidant and antitumor activity of QTN [15,16]. Because
of its strong antioxidant and metal ion chelating ability, QTN has
been reported to be effective in inﬂammation, arteriosclerosis,
bleeding, allergy and swellings [17–19]. QTN has the ability to interact with and modulate activity of a number of enzymes, namely
cyclooxygenase, lipooxygenase, phosphodiesterase, alcohol dehy-
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a b s t r a c t
In this study we have reported the anionic surfactant (Sodium dodecyl sulfate, SDS) driven structural conversion of two benzophenanthridine plant alkaloids namely Chelerythrine (herein after CHL) and
Sanguinarine (herein after SANG). Both the alkaloids exist in two forms: the charged iminium and the neutral alkanolamine form. The iminium form is stable at low pH (b6.5) and the alkanolamine form exists at
higher pH (N10.1). The ﬂuorescence intensity of the alkanolamine form is much stronger than the iminium
form. The iminium form of both the alkaloids remains stable whereas the alkanolamine form gets converted
to the iminium form in the SDS micelle environment. The iminium form possesses positive charge and it
seems that electrostatic interaction between the positively charged iminium and negatively charged surfactant leads to the stabilization of the iminium form in the Stern layer of the anionic micelle. Whereas the conversion of the alkanolamine form into the iminium form takes place and that can be monitored in naked eye
since the iminium form is orange in colour and the alkanolamine form has blue violet emission. Such a detail
insight about the photophysical properties of the benzophenanthridine alkaloids would be a valuable addition in the ﬁeld of alkaloid-surfactant interaction.
© 2016 Published by Elsevier B.V.

1. Introduction
Chelerythrine (herein after CHL, Fig. 1A) and sanguinarine (herein
after SANG, Fig. 1B) are two well characterized benzophenanthridine alkaloids. Both of them show enormous biological activities. CHL acts
as a potent inhibitor of protein kinase C (PKC) in vitro and in vivo
and thereby induces tumor cell toxicity and growth delay [1,2].
CHL generates reactive oxygen in cardiac myocytes and thus induces apoptosis rapidly [3]. It has the potential to act as an antidiabetic agent [4]. SANG on the other hand imparts anti-proliferative
[5], antitumor [6] and anticancer activity [5]. SANG is also used for
the treatment of melanoma [7]. Both the alkaloids show cytotoxic
[8] and antimicrobial activity [9]. They have also an application in
dental care [10].
The signiﬁcant feature of these types of alkaloid is their pH dependent existence in iminium (herein after I) and alkanolamine
(herein after A) form (Fig. 2). The positively charged I form is stable
at low pH (~ 6.5) while the neutral A form is stable at higher pH
(~ 10.1) with a pK a value of 8.58 for CHL [11] and 7.4 for SANG
[12]. The emission of the A form is very high and has an intensity
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several fold higher compared to that of the I form. Both the alkaloids
have high binding afﬁnity towards single stranded, double stranded
and higher ordered nucleic acid structures (Triplex or Quadruplex)
[11–19]. The interaction of these alkaloids with serum albumins
has also been explored recently [20–23]. The I form binds strongly
to the nucleic acids while the A form has higher binding afﬁnity towards the serum proteins.
It has been observed that the neutral A form gets converted to
the charged I form in the presence of negatively charged DNA/RNA
[11,12]. Thus it will be helpful to us to investigate whether this conversion takes place in the presence of any negatively charged polymer or organized assembly or not. To explore this we have chosen
an anionic surfactant sodium dodecyl sulfate (Fig. 3, CH3 (CH2)11
SO4Na, herein after SDS). SDS has rod like structure. The surface active amphiphilic anions are absorbed on the water surface where
they create a characteristic monolayer. The lipophilic dodecyl alkyls
–CH3 (CH2)11 are oriented outside from the water surface; while the
hydrophilic -OSO3 head groups are directed into the aqueous environment. When the concentration of SDS reaches its corresponding
critical micelle concentration (CMC) value, the dodecyl sulfate anions start to aggregate into the negatively charged globular micelles.
The CMC of SDS in pure water at 25 °C is found to be 8.2 mM [24]
and the aggregation number at this concentration is usually considered to be about 62 [25]. Rahman et al., has shown that at low pH
(b4) the CMC of SDS decreases whereas at higher pH it remains
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Biophysical insight into the interaction of the
bioﬂavonoid kaempferol with triple and double
helical RNA and the dual ﬂuorescence behaviour
of kaempferol†
Lucy Haque, Sutanwi Bhuiya, Richa Tiwari, Ankur Bikash Pradhan and Suman Das*
The interaction of the naturally occurring ﬂavonoid, kaempferol (KMP) with single, double and triple helical
forms of RNA has been investigated by diﬀerent spectroscopic and viscometric techniques. It was found
that KMP binds with triple helical [poly(U).poly(A)*poly(U), hereafter U.A*U, the dot represents the
Watson–Crick and asterisk represents Hoogsteen base pairing respectively] and double helical
[poly(A).poly(U), hereafter A.U] forms of RNA, whereas no interaction was observed with single stranded
polyuridylic acid [poly-U] under identical experimental conditions. The binding of KMP was found to be
stronger with U.A*U (20  104 M1) compared to that of the parent duplex A.U (9.5  104 M1). From the
Stern–Volmer quenching constant, viscosity measurement and perturbation of CD spectra of RNA
revealed that KMP binds to the U.A*U structure by intercalation while partial intercalation has been
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proposed for the binding to the duplex RNA structure. Thermodynamic data obtained from the
temperature dependence study showed that the association was favoured by negative enthalpy

DOI: 10.1039/c6ra12445c

and positive entropy changes. Experimental observations indicated that KMP binds and stabilizes the
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RNA-triplex more than its parent duplex counterpart.

Introduction
The novel discovery of double helical structures of DNA in the
year of 1953 by Watson and Crick1 inspired other researchers to
investigate other polymorphic structures of nucleic acids.2,3 The
discovery led to an explosion of developments in numerous
areas of biochemistry and genetics. In addition to the discovery
of B-DNA, a number of alternative canonical and non-canonical
forms of DNA/RNA have also been described by several
researchers.4–9 From the very beginning of the discovery, DNA is
the pharmacological target of many therapeutic agents and is of
great signicance for synthesizing new DNA targeted
compounds of medicinal use. The interaction of small molecules with DNA is the most promising area of modern research
associated with pharmaceutical development processes.
Instead of targeting the usual DNA duplex structures, it's higher
ordered structures, like triplexes and quadruplexes, serve as
convincing targets for therapeutic agents which are very useful
in designing various clinical drugs.9,10 In this context, interaction study of neomycin, an aminoglycoside with higher ordered
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DNA structures was studied in a great extent by Arya et al.11–13
Along with DNA, the study of single stranded RNAs has been
stimulated by the recognition of their potential biological role
and genetic applications. Depending upon the environmental
conditions RNA can adopt diﬀerent conformations. The ability
of RNA to form secondary or tertiary motif helps it to perform
many biological functions in vivo.14,15 Apart from single
stranded RNA, triple helical forms of RNA is an important
tertiary motif that is found in many pseudoknot and other
structured RNAs. Triplex formation has continued to garner
much interest in the scientic community because of the
possible applications in developing new molecular biology
tools. Naturally occurring triplexes are important for shaping
RNAs into complex three-dimensional architectures and for
diverse biological roles.15,16 Moreover, triple helical structure in
the conserved pseudoknot domain of the telomerase-associated
RNA is essential for telomerase activity.17 The SAM-II riboswitch
forms a triple helix that creates a highly specic binding pocket
for S-adenosylmethionine.17 These diverse biological roles of
RNA-triplex make it as an important target of many small
molecules of medicinal value. The biological importance of
triple helical nucleic acid as well as its diﬀerent modes of
interaction have been described by Arya and his co-authors in
their earlier reports.18,19 RNA-triplex garners much more
importance over DNA-triplex now a days. Triple helical structures of RNA is formed by sequence specic binding of a triplex
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a b s t r a c t
Triple helical nucleic acids or triplex are formed from the combination of three oligonucleotides. In the
double stranded form the base pairs are joined through Watson–Crick base pairing while the third strand
of the triplex is joined through Hoogsteen base pairing. The Hoogsteen base paired strands are less stable
compare to the Watson–Crick strands. Thus stabilization of the Hoogsteen strand gains importance due to
the implication of stable triplexes in various biological processes. For this reason here we have monitored
the effect of phenosafranine, a phenazinium dye on the structure of poly(U).poly(A)*poly(U) triplex. Our
data revealed that the dye has higher binding afﬁnity to the RNA triplex (K = 3.7 × 105 M−1 ) compared
to the parent duplex (K = 1.9 × 105 M−1 ) form. Through a series of spectroscopic and viscometric study
we have found that the dye binds to triplex or duplex through the mechanism of intercalation and it
stabilizes the Watson–Crick strand while the Hoogsteen strand remains unaffected.
© 2016 Elsevier B.V. All rights reserved.

1. Introduction
Non-canonical forms of nucleic acid have gained an enormous
interest from the researchers in recent years due to their implication in various biological functions [1–5]. Among them triple
helical structures are most important as they are involved in
antisense and antigene strategies [6–8]. A triple helical form of
nucleic acids was ﬁrst reported by Felsenfeld et al. [9]. Triplex
nucleic acid structures of RNA or DNA are formed from three
oligonucleotides [9,10]. The triplex structure is usually formed from
a combination of double stranded or duplex form and a single
stranded oligonucleotide. In the present study we have reported the
triplex poly(U). poly(A)*poly(U) (herein after U.A*U, dot represents
the Watson–Crick and asterisk represents Hoogsteen base pairing
respectively) which is made up from its parent duplex poly(A).
poly(U) (herein after A.U) and single stranded poly(U).
The third strand of the triplex binds through Hoogsteen base
pairing which has much lower stability compared to that of the
Watson–Crick base pairing of the parent duplex [11]. The less stability of the Hoogsteen paired third strand of the triplex restricted
its applicability in various biological processes [12–15]. In this con-
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text some small molecules (specially the organic molecules) gain
importance due to their ability to recognize and stabilize the speciﬁc sequences of triplex [16–20]. Intercalators are generally the
most effective agents for triplex stabilization [21–23]. However it is
not necessary that all intercalators do stabilize the triplex. Ethidium
Bromide for example stabilizes the poly(dA). 2poly(dT) triplex [24]
while the reverse effect is observed in case of poly(rA). 2poly(rU)
[25]. Aristololactam-␤-d-glucoside (ADG) shows diverse effect on
different triplexes: it stabilizes the Hoogsteen base-paired third
strand of the DNA triplexes but the Watson–Crick strand remains
unaffected. In case of RNA triplex the Hoogsteen base-paired third
strand is destabilized while ADG stabilizes its Watson–Crick strand
[26]. The same phenomenon is also observed in case of thionine, a phenothiazinium dye [27]. Some alkaloid molecules has also
been found to be effective for the stabilization of triplex structures
[22,28–31].
Phenosafranine (herein after PSF, 3,7-diamino-5-phenyl
phenazinium chloride) (Fig. 1) is a planar cationic phenazium
dye widely applied as a sensitizer in electron transfer reaction
[32]. Some other dyes containing planar structure have been
reported to show excellent intercalating property towards DNA
[33]. It behaves as a typical intercalator when binding is concerned
with polymorphic forms of DNA [34–36]. It also has quite high
binding afﬁnity with the serum albumin proteins [37,38]. However
its interaction with RNA triplexes is yet to be explored. Since
intercalation of small molecules leads to enhance the triplex
stability, here we have reported the effect of PSF on U.A*U triplex
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ABSTRACT: The interaction between a quaternary benzophenanthridine alkaloid chelerythrine (herein after, CHL) and bovine
serum albumin (herein after, BSA) was probed by employing various spectroscopic tools and isothermal titration calorimetry
(ITC). Fluorescence studies revealed that the binding aﬃnity of the alkanolamine form of the CHL is higher compared to the
iminium counterpart. This was further established by ﬂuorescence polarization anisotropy measurement and ITC. Fluorescence
quenching study along with time-resolved ﬂuorescence measurements establish that both forms of CHL quenched the
ﬂuorescence intensity of BSA through the mechanism of static quenching. Site selective binding and molecular modeling studies
revealed that the alkaloid binds predominantly in the BSA subdomain IIA by electrostatic and hydrophobic forces. From Forster
resonance energy transfer (FRET) studies, the average distances between the protein donor and the alkaloid acceptor were found
to be 2.71 and 2.30 nm between tryptophan (Trp) 212 (donor) and iminium and alkanolamine forms (acceptor), respectively.
Circular dichroism (CD) study demonstrated that the α-helical organization of the protein is reduced due to binding with CHL
along with an increase in the coiled structure. This is indicative of a small but deﬁnitive partial unfolding of the protein.
Thermodynamic parameters obtained from ITC experiments revealed that the interaction is favored by negative enthalpy change
and positive entropy change.

■

INTRODUCTION

Chelerythrine (C21H18NO4) (1,2-dimethoxy-12-methyl[1,3]benzodioxolo[5,6-c]phenanthridin-12-ium, herein after CHL,
Figure 1), another important quaternary benzophenanthridine
alkaloid, has got the spotlight of research interest because of its
extensive and distinct physiological eﬀects, mainly antimicro-

Natural products have long been of interest to researchers not
only for their high abundance and low toxicity but also for their
diverse range of pharmacological eﬀects. Alkaloids, a class of
naturally occurring plant secondary metabolites, are familiar for
their versatile and essential physiological eﬀects on both human
and animal cell types. Due to its widespread biological activity,
it often serves as an active ingredient in medications. Among
these alkaloids, benzophenanthridine is a class of speciﬁc
isoquinoline compounds that occur only in higher plants and
show a wide spectrum of nonspeciﬁc biological activities as well
as multiple pharmacological properties. The aspect that makes
this class of alkaloid exceptional from others is the existence of
characteristic equilibrium between the charged iminium and the
neutral alkanolamine form depending on pH of the medium.1−4
Sanguinarine is the most extensively studied alkaloid of this
group that exhibits various biological eﬀects. Nucleic acid and
protein binding of sanguinarine have been exploited widely.5−8
© 2015 American Chemical Society

Figure 1. Chemical structures of iminium and alkanolamine forms of
CHL.
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A study on the interaction of benzophenanthridine plant alkaloid chelerythrine (CHL) with low pH
induced protonated form and conventional B-form DNA was carried out by using a combination of
various spectroscopic and viscometric techniques. The interaction of the alkaloid with protonated form of
DNA was characterized by the typical hypochromic and bathochromic shifts in the absorption spectrum,
increase of thermal melting temperature, increase in solution viscosity, perturbation in circular dichroic
spectrum. Binding constant for the association of CHL with protonated DNA was of the order of 105 M  1.
The mode of binding of CHL with protonated DNA was characterized from the absorption spectral studies, viscosity measurements and quenching experiments. The stabilization of protonated DNA upon
binding with CHL was revealed from thermal melting studies. CD spectral studies revealed that CHL
converted the protonated form of CT-DNA to the right handed B-form.
& 2016 Elsevier B.V. All rights reserved.
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1. Introduction
Nucleic acid polymorphism, especially DNA polymorphism is a
very active area of research in the ﬁeld of chemical biology and
medicinal chemistry. DNA plays essential roles in the life process.
It carries hereditary information and instructs the biological
synthesis of proteins and enzymes in living cells [1]. Studies on the
interaction of small molecules with DNA have been identiﬁed as
one of the key topics during the past few decades in hope to ﬁnd
effective therapeutic agents. DNA can adopt a number of different
structures depending upon the pH, nature of the counter ions,
temperature and salt concentration. Canonical B-DNA structure is
established since the discovery of Watson-Crick double helix [2].
Besides the canonical B-DNA structure DNA molecule is capable of
adopting different non-canonical structures like bent DNA, Z-DNA,
cruciform DNA etc. Left handed Z-DNA structures have been
extensively studied and are highly favored by dG-dC sequence
[3,4]. Interconversion between the different conformations is of
great signiﬁcance in examining diverse biological processes. High
concentration of salt converts B-form poly(dG-dC). poly(dG-dC)
and its methylated analog to the Z-form [5,6]. Protonation of DNA
n
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has been studied for several years, but has gained considerable
signiﬁcance from the observation by Jovin and his group [7].
Protonation of DNA is very important in various biochemical
processes that includes different enzymatic reactions, nucleic acid
triplex formation etc. Realizing the importance of the acid base
equilibrium involving DNA, relatively less number of research
groups on this globe are involved in the study of nucleic acid
polymorphism induced by the variation of pH and salt concentration of the medium. There were many controversies about
the protonation site of the DNA. Based on spectroscopic studies, it
has been suggested that at low pH, protonation occurs on N7 of
guanines [8]. On the other hand, a subsequent Raman spectroscopic study on calf thymus (CT) DNA assigned the ﬁrst protonation sites to be adenines followed by cytosines leading to the
formation of a C-type conformation [9]. Later NMR studies proposed that the ﬁrst protonation sites in DNA is N3 of cytosines and
this leads to a unique left handed structure with Hoogsteen base
pairing [10]. The stability of protonated structure of DNA is
strongly pH as well as temperature dependent. Due to its lower
stability under normal physiological conditions various limitations
have been faced during its study. Protonated DNA is actually left
handed conformation of DNA in comparison with right handed BDNA structure and it consists of Hoogsteen base pairing instead of
Watson-Crick base pairing [11–14]. The biological activity of many
natural products and especially alkaloids has been known to play
very crucial roles in medicinal chemistry due to their extensive
interaction with various nucleic acid structures. Chelerythrine
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a b s t r a c t
Polymorphism of DNA plays a very important part of research relating to the drug-DNA interactions. Here main
focus of our investigation is to monitor the interaction of the benzophenanthridine plant alkaloid, nitidine (NIT)
with two different forms of DNA i.e. B-DNA and protonated form of DNA maintaining proper temperatures and
buffer conditions. Binding interaction of NIT was ascertained from the UV–Visible spectroscopic and
spectroﬂuorimetric titration experiments. Binding constants of the interactions of NIT with different polymorphic
forms were calculated from UV-absorption study. The binding constants were 3.8 × 105 M−1 and 1.3 × 105 M−1
for B-DNA and protonated DNA respectively. Red shift in the absorption maxima of NIT on binding with DNA,
comparatively greater relative quenching of ﬂuorescence intensity of free NIT than bound NIT, perturbation in
the CD spectrum of DNA in presence of NIT conﬁrmed the mode of binding as intercalation. Moreover,
spectropolarimetric experiment conﬁrms that left handed protonated form of DNA gets partially converted to
the canonical B form of DNA while binds with NIT. Besides the CD experiment, thermal melting experiment
also showed that on binding with NIT stabilization of protonated DNA was increased to an appreciable extent.
© 2018 Elsevier B.V. All rights reserved.

1. Introduction
Rapid progress towards understanding of the biological functions of
DNA at the molecular level is going on at break neck speed as a result of
the development of DNA sequencing and foot-printing these days. Earlier realization was that DNA could be a speciﬁc target for drug binding
started since 1961 from the report of intercalation hypothesis of Lerman
[1]. Though the idea of intercalation of proﬂavine between DNA bases
was not greeted with a whole-hearted welcome at that time but it has
been the land mark in the ﬁeld of drug-nucleic acid interaction. A unifying theme that runs throughout the lines of drug-DNA interactions and
indeed the inspiration of our motivation of experiments is the biological
implications of such interactions. The speciﬁc and non-covalent drugDNA interactions have beckoned considerable interest in chemical biology. This is not only for the elucidation of structure-activity relationship
of the interaction, rather their guidance to the rational design of sequence speciﬁc nucleic-acid binding molecules. Characterization of the
interaction of small molecules with nucleic acids provides important information for the development of effective therapeutic agents that helps
to control gene expression. Therefore among different naturally occurring small molecules which endeavour their activities through speciﬁc
⁎ Corresponding author.
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non-covalent binding to DNA with well-established binding modes are
attractive as versatile platform for the development of drug-DNA interactions [2]. Polymorphism and ﬂexibility of DNA structure makes it responsive towards local environmental conditions like pH, ionic strength of
solutions etc. Among different polymorphic forms, the well studied
form is right handed B form DNA. Despite the canonical B-form DNA, protonated form of DNA is a matter of interest from the earlier observations
by Jovin et al. [3]. Initially, it was assumed that protonation occurs at the
N7 position of guanines. Later on high resolution FTIR and NMR studies
conﬁrmed the protonation site and proved that it is a left handed conformation with Hoogsteen base paired scheme [4–6]. Protonated form of
DNA is stable under the condition of low pH, low temperature and low
ionic strength. As pH is a very crucial factor in biological processes, the
study of this conformation now a day is conﬁrming its importance
from all aspects. Protonation in DNA has been shown to facilitate the
interconversion between B to Z conformation in synthetic guaninecytosine polynucleotide [7]. The possible interconversion between different conformations of DNA is of immense biological interest for their
correlation in diverse biological processes [8–10]. Among interconversion
between different polymorphic forms of DNA, B to Z conversion is the
most examined conformational ﬂexibility. Protonation in DNA has been
a well-established phenomenon since several years. The exact characteristics of protonation induced conformational change of B-DNA were
remained impenetrable for a long time. A prolonged research on the
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Association of iminium and alkanolamine forms of
the benzo[c]phenanthridine alkaloid chelerythrine
with human serum albumin: photophysical,
thermodynamic and theoretical approach†
Sutanwi Bhuiya,* Lucy Haque and Suman Das

*

Pharmaceutically important benzo[c]phenanthridine alkaloid chelerythrine (CHL) exists in charged
iminium [CHL (I)] and neutral alkanolamine [CHL (A)] forms depending on pH. The mechanism of
interaction of these two isoforms with human serum albumin (HSA) was investigated by employing
various spectroscopic techniques, isothermal titration calorimetry (ITC) and molecular docking
simulation. The primary objective was to corroborate the binding position of CHL within HSA as well
as to investigate the comparative binding strength between CHL (I) and CHL (A). Spectroscopic
investigation revealed that the alkanolamine form of CHL undergoes stronger association with HSA in
comparison to its iminium counterpart. However, such a mode of binding induces some unfolding of
the protein secondary and tertiary structures detectable in the circular dichroism (far-UV CD) spectra
resulting in a concomitant decrease in the a-helical content of the protein. From the site selective
competitive binding assay, we found that both iminium and alkanolamine forms of CHL bind at Sudlow’s
site I in subdomain IIA of HSA. Electrostatic interactions play the major role in CHL (I) binding whereas
hydrophobic interactions are the main cause behind the stabilization of the CHL (A)–HSA complex.
In addition, molecular docking specified that hydrogen bonding was also present in both cases with His
Received 10th August 2017,
Accepted 27th December 2017

242 residue in site I. Thermodynamic parameters obtained from ITC showed that the binding of CHL (I)
with HSA was favoured by a negative enthalpy change and opposed by a negative entropy change,

DOI: 10.1039/c7nj02972a

whereas the association of CHL (A) with HSA was characterized by both positive enthalpy and entropy
changes. FRET analysis showed that the binding distance between CHL (I) and CHL (A) with HSA (Trp 214)

rsc.li/njc

was most favourable (r = 2.32 and 2.05 nm respectively) for quenching to occur.

1. Introduction
Proteins are the fundamental units of all living cells and
comprise a number of pivotal, indeed crucial roles in various
biological functions. Their numerous biological functions
are dependent on their structures to a great extent. Thus, the
binding capacity of a protein with other molecules is very
specific, and it is necessary to regulate its actions carefully as
structural alteration can aﬀect the functional properties of a
protein.1 A complete perspective on the interaction of diﬀerent
ligands with various proteins is of great importance for a better
understanding of the structure–function relationship as well as
determining the suitable route for drug transport.
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Kolkata 700 032, India. E-mail: sumandas10@yahoo.com, s.bhuiya12@gmail.com,
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Among the large number of proteins, serum albumin is a
well-recognized principal component of blood plasma. Because
of its stability, accessibility and versatile ligand binding ability,
serum albumin is highly approachable to researchers in the
field of biochemistry. Human serum albumin (herein after,
HSA) is the most abundant multifunctional protein member
of the albumin family with a concentration ranging from 3.5 to
4.0 g L1 in human blood plasma.1 It is a heart-shaped
monomeric multi-domain macromolecule with a molecular
weight of B66.5 kDa.2 X-ray crystal studies have revealed that
HSA is composed of 585 amino acid residues in three structurally similar a-helical domains (namely I, II and III). The tertiary
structures of domain I (residues 1–195), domain II (residues
196–383) and domain III (residues 384–585) are quite similar
and topologically identical.3 Each domain is further subdivided
into two sections (A and B) and connected through a random
coil. HSA contains 35 cysteine residues resulting in 17 disulphide
(S–S) linkages, which account for its high stability,4 and one free
cystine residue (Cys 34) in domain I, which may have involvement
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Self-structure assembly in single stranded polyriboadenylic acid by
benzophenanthridine alkaloid: Spectroscopic and calorimetric
exploration
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a b s t r a c t
Present study allows us a better understanding of the interaction of nitidine, a benzophenanthridine
alkaloid with single stranded polyriboadenylic acid [ss-poly (rA)]. The interaction leads to self-structure
induction in ss-poly (rA) under the experimental condition of pH 7.0. Interaction of nitidine with sspoly (rA) was ascertained by monitoring the change in absorbance, ﬂuorescence intensity and circular
dichroism values. Binding mode of nitidine with ss-poly (rA) was observed to be intercalation as conﬁrmed from the quenching and viscometric studies. The association was characterized by both negative
enthalpy and entropy changes accompanying with a moderately high binding constant of 5.10 × 105 M−1 .
Nitidine induced double helical organization in single stranded poly (rA) under the experimental pH.
© 2017 Elsevier B.V. All rights reserved.

1. Introduction
RNA molecules are key performers of many biological functions
and involved in transcription and translation process by which a
cells read out the genetic expression of the gene [1]. Beyond their
functions in gene expression RNAs are also involved in regulatory processes and constitute necessary parts of cellular machinery
responsible for m-RNA functioning. It is basically single stranded
biomolecule and is known to be concerned in many cellular functions as well as in various viral infections and protein synthesis [2].
Single stranded RNA molecules consist of thousands of nucleotides
(e.g. m-RNAs and ss-RNA viral genomes) and are responsible for
an extended range of basic biological processes in vivo. It is gaining major attention over double helical structure of DNA for their
unique ability to fold up in a variety of complex three dimensional
shapes [3]. Folding of RNA is typically mediated by the same type
of base–base interactions through hydrogen bonding between the
nucleotides. Three dimensional folded structures of polynucleotide
affect its stability & action on other molecules and its ability of
replication. It can undergo allosteric conformational changes like
proteins. Moreover the unique structure and function of RNA made
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it as a versatile biomolecule over others. It is therefore easy to
ascertain that research interest on RNA could reach a high level
of biochemical sophistication. In this scenario, targeting RNA by
different small molecules of clinical importance is a prime interest of modern research ﬁeld. In a recent report RNA therapeutics
is entertained as a treatment of cardiovascular diseases [4]. Still,
studies regarding their structures and functions are scarce because
of the limitations of using high resolution tools [5]. In spite of the
limitations, recent research interests of most of the researchers in
the ﬁeld of medicinal chemistry is taking a paradigm shift from
DNA binding molecules to RNA binding molecules for the unique
structure of single stranded polyriboadenylic acid (hereafter, sspoly (rA)) at higher pH and their speciﬁc binding ability to small
molecules of pharmaceutical interest. At alkaline and neutral pH it
exist as single stranded right-handed helical form, stabilized by  stacking interaction of adenine bases, while in acidic pH it forms
a right-handed duplex structure with parallel-stranded chains and
tilted protonated bases [6]. As RNA molecules are highly dynamic in
nature they are known to occupy multiple conformations. It adopts
three different conformations namely A-form, B-form and frozen
form in acidic pH [7]. It is basically a tail component of m-RNA in
all eukaryotic cells and plays a master role in stabilization of m-RNA
and t-RNA which is initiated by its elongation and shortening. The
poly (rA) tail consists of long chain of adenine nucleotides that is
added to the 3 -end of the primary RNA transcript during the transcription. As poly (rA) plays a signiﬁcant role in maturation and
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Third strand stabilization of poly(U)·poly(A)* poly(U) triplex by the
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a b s t r a c t
Naturally occurring ﬂavonoid luteolin (LTN) was found to interact with double stranded poly(A).poly(U)
and triple stranded poly(U)·poly(A)*poly(U) with association constants of the order of 104 M−1 . The association was monitored by various spectroscopic and viscometric techniques. Non-cooperative binding
was observed for the association of LTN with two different polymorphic forms of RNA. Intercalation
mode of binding was conﬁrmed by ﬂuorescence quenching and viscometric experiments. Thermal melting proﬁles indicated greater stabilization of the Hoogsteen base paired third strand (∼16 ◦ C) compared
to Watson-Crick double strand (∼5 ◦ C) of RNA by LTN. Since the interaction of naturally occurring small
molecules with RNA is an active area of research, this study has led to great openings to explore LTN as
RNA targeted therapeutic agent.
© 2017 Elsevier B.V. All rights reserved.

1. Introduction
The discovery of triple helical nucleic acid structures by Rich and
his co-workers as early as in 1957 created a lot of renewed interest in investigating the properties and applications of triplexes in
molecular biology, diagnostics and therapeutics [1]. Their innovation was an important milestone in the ﬁeld of modern biology.
Inﬂuenced by the importance of triplex, several researchers are
getting involved in seeking the properties and structures of the
triple helical DNA and RNA [2–4]. The formation of triple helix
from a homopyridine-homopurine duplex and a homopyridine single strand has been known since long years back [2,3]. But the
triplex formation is very limited as because formation of triplex is
dependent on various conditions like pH of solution, homopurinehomopyrimidine sequences, afﬁnity of oligonuleotide towards TFO
(Triplex forming oligonucleotide) etc. TFO is basically major groove
ligand that targets unique duplex sequences and form triple helix
conformation by involving speciﬁc H-bond formation. It has been
used as sequence selective agents for gene knockout and mutation
correction. Hence the synthesis of chemically modiﬁed TFOs with
improved biological activity is potentially important now days [5].
The speciﬁcity and rigidity of triplex formation has fascinated seri-
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ous attention for several reasons. The quest for its applications in
various biological and therapeutic purposes prompted an extensive search for DNA/RNA bases that could be incorporated into the
third strand of a triplex in order to recognize thymines/uracils or
cytosines. Highly sequence-speciﬁc identiﬁcation of double-helical
nucleic acid by TFOs is the basis of antigene strategy. However,
due to Hoogsteen base pairing, triplex has inherent low stability in
comparison with the corresponding duplex structure and the third
strand dissociates from the triplex structure at a much lower temperature relative to the denaturation temperature of the duplex
[6]. The stabilization of nucleic acid triplexes is particularly essential for any possible biological applications [7,8]. The poor stability
of triplexes under physiological condition is due to unfavourable
charge repulsion between the three negatively charged polyanionic
strands.
Due to structural simplicity, RNA can form secondary as well
as tertiary structures and can perform various cellular functions in
vivo. Recent studies have shown that triple helical RNA has diverse
biological implications in RNA stability and RNA-ligand interactions. It has a signiﬁcant role in the function of telomerase. The
triple helical forms are also conserved throughout the vertebrates.
The major importance of RNA triplex over DNA triplex is basically
covers the fact that RNA can form different structures, depending
upon pH and condition of solution.
Flavonoid is an important class of natural products which are
basically polyphenolic compounds with diphenylpropane skeletons. It is abundant mostly in fruits and vegetables and known
to have many beneﬁcial health effects and wide-ranging biolog-
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Multispectroscopic and Theoretical Exploration of the Comparative
Binding Aspects of Bioﬂavonoid Fisetin with Triple- and DoubleHelical Forms of RNA
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ABSTRACT: The interactions of RNA triplex (U.A*U) and
duplex (A.U) with naturally occurring ﬂavonoid ﬁsetin (FTN)
have been examined at pH 7.0 using various spectroscopic,
viscometric, and theoretical studies. Experimental observations
showed that the ligand binds with both double- and triplehelical forms of RNA, although the binding aﬃnity is greater
for the triplex structure (5.94 × 106 M−1) compared to that for
the duplex counterpart (1.0 × 105 M−1). Thermal melting
experiments revealed that the Hoogsteen base-paired third
strand of triplex was stabilized to a greater extent (∼14 °C)
compared with the Watson−Crick base-paired second strand
(∼4 °C) in the presence of FTN. From ﬂuorimetric study, we observed that U.A*U and A.U primarily bind to the
photoproduced tautomer of FTN in the excited state. Steady-state and time-resolved anisotropy measurements illustrate
considerable modulations of the spectroscopic properties of the tautomeric FTN within the RNA environment. Viscometric,
ﬂuorescence quenching, and thermal melting studies all together support the mode of binding to be intercalation. Theoretical
study explains the experimental absorption and emission (dual ﬂuorescence) behavior of FTN along with the excited-state
intramolecular proton transfer process.

■

INTRODUCTION
In the research ﬁeld of molecular biology, nucleic acids are
considered mostly for their participation as the transporter of
information in expressions of their sequences and on the
involvement of proteins in terms of their functions. Usually, a
neglected area in this ﬁeld is the structural and functional
exploration of RNA molecules. This is probably because they
do not possess the “structure”-related functional role in contrast
to that of DNA. However, RNA plays a crucial role in “central
dogma” of the molecular cell system. Various biological
functions governed by RNA are determined following the
complex structures of RNA stabilized by secondary and tertiary
interactions. The tertiary structure of RNA is the threedimensional arrangement of RNA building blocks including
helical duplexes, triple-stranded RNA structures, and other
components that are held together through association, jointly
expressed as RNA tertiary interactions.1 An RNA triplex, a
member of RNA tertiary structures, is a complex structure
stabilized by multiple base triplets and formed by following
sequence-speciﬁc binding rules.2 RNA duplex can accommodate a single strand [known as triplex-forming oligonucleotide
(TFO)], resulting in the formation of a major-groove or a
minor-groove triplex through Hoogsteen hydrogen bonds with
purine-rich strands. The antiparallel arrangement of one purine
strand ﬂanked between two pyrimidine strands (Figure 1A) is
referred to as the “pyrimidine.purine*pyrimidine” triplex motif,
which in this context is the poly(U).poly(A)*poly(U) triplex
© 2017 American Chemical Society

Figure 1. Base pairing scheme in triplex (U.A*U) and duplex (A.U)
RNA.

[where the dot (.) represents the Watson−Crick base pairing
and the asterisk (*) denotes the Hoogsteen base pairing,
hereinafter U.A*U]. In 1957, Felsenfeld and his colleagues ﬁrst
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Role of hydroxyl groups in the B-ring of ﬂavonoids in stabilization of the
Hoogsteen paired third strand of Poly(U).Poly(A)*Poly(U) triplex
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We have reported the interaction of two ﬂavonoids namely quercetin (Q) and morin (M) with double stranded
poly(A).poly(U) (herein after A.U) and triple stranded poly(U).poly(A)*poly(U) (herein after U.A*U, dot represents the Watson–Crick and asterisk represents Hoogsteen base pairing respectively) in this article. It has been
observed that relative positions of hydroxyl groups on the B-ring of the ﬂavonoids aﬀect the stabilization of RNA.
The double strand as well as the triple strand of RNA-polymers become more stabilized in presence of Q,
however both the duplex and triplex remain unaﬀected in presence of M. The presence of catechol moiety on the
B-ring of Q is supposed to be responsible for the stabilization. Moreover, after exploiting a series of biophysical
experiments, it has been found that, triple helical RNA becomes more stabilized over its parent duplex in presence of Q. Fluorescence quenching, viscosity measurement and helix melting results establish the fact that Q
binds with both forms of RNA through the mode of intercalation while M does not bind at all to either forms of
RNA.

1. Introduction
In molecular biology, RNA closely plays the role in ‘central dogma’
as genetic information is carried from gene to translation machinery via
DNA→RNA→protein. Central dogma of molecular biology states that
RNA is selectively transcribed from DNA and serves as a messenger to
be translated into proteins. It is decoded into proteins and besides itself,
small and large noncoding RNAs (ncRNAs) are also the regulators of
gene expression by a variety of mechanisms [1,2]. Many recent works
on RNA have inspired the researchers to search for a deeper understanding of the biomolecular world. The majority of work involving
nucleic acid as a target is generally pointed towards DNA. But small
molecule recognition by RNA has gained prior interest over DNA day by
day to a greater extent due to its involvement in wide range of biological processes. Small molecule-RNA interaction most importantly
played a master role in the regulation of gene expression and modulating enzymatic activity [3]. The ability of RNA to adopt secondary
and tertiary structures enables it to perform a wide variety of cellular
functions in vivo. The formation of triple helical conformation of RNA
was ﬁrst reported in 1957 by Alexander Rich, Gary Felsenfeld and
David Davies [4,5]. Triple helical RNA i.e. poly(U).poly(A)*poly(U)
(herein after U.A*U) triplexes are tertiary structural motifs that is
formed as a result of stable interactions between a triplex-forming oligonucleotide (TFO) and a duplex. TFO is considered as a groove binder

∗

of a duplex. Third strand of triplexes binds in the major groove of the
duplex, forming hydrogen bond to purine or pyrimidine bases. Two
types of triplex are classiﬁed depending on their orientation of bases.
One is pyrimidine motif in which a homopyrimidine strand binds to a
purine sequence of the duplex in parallel orientation through Hoogsteen hydrogen bond with the formation of T.A*T, C.G*C+ or U.A*U
triplex (Scheme 1) [6]. In another motif, purine strand binds with
homopurine sequence by antiparallel orientation through reverse
Hoogsteen hydrogen bond forming G*G.C, T*T.A or A*A.U triplex [7].
Triplexes are however thermodynamically less stable than their corresponding parent duplexes. Comparatively lower stability of triplexes
has limited their applications in vivo under physiological conditions.
Oligonucleotide directed triple helix formation has been the focus of
investigation since long time for the betterment of antigene strategy.
The limitation of such strategy is the low stability of the triplex structures. A large number of compounds have been explored to enhance the
stability of triple helical structures of nucleic acids. Scientists have
concentrated on both natural and synthetic compounds to address this
problem. Stabilization of Hoogsteen base paired third strand of triple
helical forms is generally a major area of study now a days. Targeting
drug towards triple stranded nucleotides increases the stabilization of
Hoogsteen base paired third strand [7]. It has already been found that
binding with diﬀerent alkaloids, phenazium dyes, third strand of triplex
gets stabilized to a greater extent [8–15].
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a b s t r a c t
The prime motivation of the present study is to explore the effect of reverse micellar conﬁnement on the binding
interaction of an anthracene-based probe 9-methyl anthroate with herring-sperm DNA. The structural modiﬁcation of the genomic DNA from its native B-form to the non-native C-form and subsequently to the condensed Ψform as a function of the level of hydration (W0, deﬁned as [water] / [surfactant]) of the reverse micellar core is
found to reveal a remarkable regulatory role on the stability of the stacking interaction (intercalation) of the
probe within the DNA helix; the interaction being progressively stabilized at higher W0. Particularly, a close perusal of the dynamical aspects of the interaction is found to be counter-intuitive to the popular notion of the properties of the conﬁned water within the reverse micelles typically approaching bulk-like properties at sufﬁciently
high hydration levels (W0 N 10).
© 2018 Published by Elsevier B.V.

1. Introduction
As the repository and conduit of genetic instructions for the development and functioning of living organisms, molecular recognition of deoxyribonucleic acid (DNA) has always formed the nucleus of manyfaceted research activities with a view towards the perception of the
structural and functional features of DNA [1–3]. Since DNA adopts an extremely compact state occupying only a fraction of the available volume
in vivo [4, 5], it is necessary to address the mechanism of the molecular
recognition of DNA in its condensed form. In vitro condensation of DNA
is conventionally achieved either by applying an external stimulus, such
as the osmotic pressure exerted by crowding polymers, forcing the helices closer [5, 6], or by inducing attractions between the DNA segments
by multivalent cationic counterions [5, 7]. Non-conventional methods
involve the use of a low-dielectric solvent (as compared to water),
such as ethanol [8, 9]; or the application of an external electrical ﬁeld alternating at a certain frequency [10]. Furthermore, at physiological salt
concentrations (150 mM), sufﬁciently concentrated DNA solutions are
found to spontaneously self-assemble, forming a variety of liquid crystalline phases [11]. It is therefore, likely to expect that the insertion of
DNA within a small cavity containing only traces of water, would lead
⁎ Corresponding authors at: Department of Chemistry, Jadavpur University, India.
E-mail addresses: ani.physichem@gmail.com (A. Ganguly), sumandas10@yahoo.com
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to the formation of monomolecular or oligomolecular condensates.
Such a situation is readily realizable considering the insertion of DNA
within a reverse micellar core having dimension comparable to that of
DNA [11–14].
Reverse micelles are aggregates of amphiphiles dispersed in a bulk
nonpolar solvent, capable of entrapping water within their core [15,
16]. The physicochemical properties of the entrapped water, controlled
by the uniﬁed effects of conﬁnement and interactions with the surfactant headgroups substantially vary compared to bulk water, and is
strongly dependent on the hydration level of the reverse micelle
[15–18], characterized by a parameter W0 deﬁned as, W0 = [Water] /
[Surfactant]. At low hydration levels (W0 b 5), nearly the whole fraction
of the entrapped water molecules remain immobilized on to the micellar interface, essentially hydrating the polar headgroups, constituting
the highly ordered ‘bound’ ensemble of water [17–19]. After the complete hydration of the micellar interface, i.e. at intermediate hydration
level (5 ≤ W0 ≤ 10), a well-deﬁned ‘water pool’ is formed within the reverse micellar core exhibiting relatively faster dynamics compared to
that of the interfacial water [17–19]. Yet, it should be emphasized that
the dimension of the reverse micelle at intermediate hydration is
small enough for the micellar interface to inﬂuence the dynamics of
the water present in the micellar core and thus the water pool substantially deviates from bulk-like properties of water [17–19]. However, increasing degree of hydration (W0 N 10) has often been proclaimed to
result in the development of bulk-like properties of water [17–19].
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A B S T R A C T

Nowadays compounds showing aggregation-induced emission enhancement (AIEE) are extensively
studied due to their huge range of applications in material science. AIEE and the anion recognition ability
of 2-hydroxyquinoline-3-carbaldehyde (1) were explored. Unique AIEE phenomenon is observed in
CH3CN with water as the cosolvent and the highest emission was noted in the solvent volume ratio 2:8
(CH3CN: H2O). The compound is a selective time dependent turn on ﬂuoride ion sensor in acetonitrile
medium with a distinct color change from colorless to yellow, fabricating it as a visible sensor. Ion sensing
ability was monitored through UV–vis, steady state emission, life time studies and 1H NMR spectroscopy.
The limit of detection of ﬂuoride ion is 4.09  106 M. Moreover the compound exhibited notable
quenching of ﬂuorescence intensity with bovine serum albumin. Thus small molecule like the quinoline
motif can be used in extensive applications in the scientiﬁc research.
© 2018 Elsevier B.V. All rights reserved.

1. Introduction
In the very recent years there have been a drift towards
designing of molecular systems (ﬂuorophores) with emission
properties in solid state/aggregate in solution. Compounds
showcasing aggregation-induced emission (AIE) or aggregationinduced emission enhancement (AIEE) [1–4] have found their
applications in organic light emitting devices (OLEDs) [5,6],
bioimaging applications [7,8], nonlinear optical materials [9,10],
logic system modulation [11,12] and many others. Generally, the
ﬂuorophores which are non-emissive or weakly emissive in nature
in solution (solvents with higher solubility) emit highly upon
addition of solvents like water (solvents with lower solubility) due
to molecular aggregation forming hydrosol.
Among anions, ﬂuoride ion tops the list due to its wide
range of applications in biological and medicinal ﬁelds. It has
been important in dental care, osteoporosis treatment etc [13],
whereas acute exposure results in hypocalcemia, change in
thyroid hormone status, ﬂuorosis, nervous system problems,

* Corresponding authors.
E-mail address: sumandas10@yahoo.com (S. Das).
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weak bones and ligaments etc [14]. Fluoride being the most
electronegative anion the host-guest interaction mainly occurs
through hydrogen bonding [15–18], so while designing detectors
this factor was kept in mind. Most of the ﬂuoride ion detectors
response colorimetrically [15–17,19]. Many of them shows
quenching [15,17,20] while some of them show enhancement
in ﬂuorescence intensity [16,19,21,22]. In many cases they are
also responsive to anions like acetate or dihydrogen phosphate
[22] along with ﬂuoride. So, designing selective and sensitive
ﬂuoride ion sensor is a challenge.
In the ﬁeld of drug discovery and pharmaceutical sciences
binding of various drugs to plasma protein like serum albumin is of
special interest. The drug-albumin binding interaction decreases
bioavailability and increases the in vivo half life of the drug [23].
The importance of serum albumin is due to its abundance as a
multifunctional protein in blood plasma. It also act as carrier of
many exogenous and endogenous compounds like fatty acids,
amino acids, steroids, etc to blood and transport of drugs and
ligands to cells [24–26]. In the family of serum albumins BSA
(bovine serum albumin) being the most extensively studied one
due to its repeating pattern of disulphide linkages and of about 76%
of structural homology to HSA (human serum albumin) [27]. BSA is
composed of 583 amino acid residues in a single polypeptide chain
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The Copper ion recognition ability of a pyrene based sensor (1) was explored. A selective Cu2+ ion induced
colorimetric naked eye changes and a turn on emission was observed in acetonitrile medium. The results were
monitored through UV–vis spectrophotometry, steady state emission and ﬂuorescence life time studies. The
outcome revealed a selective and sensitive Cu2+ recognition with a detection limit of 2.5 × 10−6 M. The
compound exhibited aggregation induced emission (AIE) in water-acetonitrile mixture where its critical aggregate concentration was measured by tensiometry at the solvent fraction of maximum AIE. Moreover the
compound exhibited an antioxidant nature in DPPH (2,2-diphenyl-1-picrylhydrazyl) assay.

1. Introduction
It has been a fascinating job for the present day chemist for the
development of chemosensors for environmentally and biologically
signiﬁcant cations and anions [1–5]. Among the many, special attention
has been given towards those having signiﬁcant clinical importance
[6–9]. Amidst the metal cations, Cu2+ demands its importance being
the third largest abundant transition metal ions in human body. It is
used by many proteins in electron transport as cofactors; it catalyzes
redox reactions in cells and it acts both as antioxidant [10–12] as well
as pro oxidant. Excessive presence of copper causes toxicity due to its
catalytic activity in generation of reactive oxygen species (ROS). Generation of ROS damages nucleic acid, proteins, lipids which tends to
various neurodegenerative and other diseases. Diseases like Alzheimer's
disease, Wilson disease, Menkes, Indian childhood cirrhosis and prions
disease [13–16] owe their occurrence due to cellular toxicity of copper.
Due to extensive use of copper in daily lives, Environment Protection
Agency (EPA) has limited its amount to 1.3 ppm [17] which is roughly
20 µM in drinking water. Thus its detection and estimation no matter is
of high signiﬁcance. Cu2+ is a ﬂuorescence quencher and most of the
sensors developed for its detection response is via turn-oﬀ process involving energy transfer mechanisms [18]. Detection through turn-oﬀ
process results in poor sensitivity whereas ﬂuorescent enhancement
process [19] is easy monitoring than the quenching process.
In the recent years researchers have given importance in designing
of functional materials with aggregation induced emission properties

⁎

[20–22]. Designing of materials capable of forming aggregate in binary
water-solvent systems with enhancement in ﬂuorescence intensity demands their importance in form of light emitting devices, nonlinear
optical materials, organic lasers [23,24] etc. Another important aspect
is the determination of critical aggregate concentration (CAC) [25,26]
of these aggregate in the water-solvent medium which would throw
light in elucidation many other properties of such aggregate formation.
Many methods have been developed for determination of CAC like
conductometry, ﬂuorimetry, tensiometry etc. Among these methods
measuring of surface tension with variation in solute concentration
being the classical one.
Reactive oxygen species and reactive nitrogen species have greater
impact in human life from their both endogenous and exogenous origin
[27–29]. Free radicals have been understood to be one of the cause of
life threatening diseases like cancer, cardiovascular diseases, liver injury, diabetes, neurodegenerative disorders, rheumatism, atherosclerosis, ageing and autoimmune disorders [30–33]. Excess exposure
to free radicals can cause irreversible damages despite body's own
regulatory mechanism. Therefore free radical scavenging antioxidants
have been relevant in therapeutic application for free radical induced
diseases [34]. Besides naturally occurring antioxidant like ascorbic
acid, carotenoids and other synthetic antioxidants like 4-aminoantipyrine based derivatives [35], coumarins [36], Schiﬀ bases bearing
hydroxyl group [37] have been investigated for their antioxidant
properties. Thus design and synthesis of compound with antioxidant
properties have signiﬁcance.
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Two 4-hydroxy coumarin based dyes (1 and 2) have been
synthesized and their anion detection ability has been studied, for
detection of fluoride and acetate ions selectively through the
naked eye. On addition of 4 equivalents of fluoride and acetate to
the CH3CN solution of the receptors 1 and 2, colour changes from
light yellow to light red while the similar addition of other anions
like dihydrogen phosphate, chloride, bromide and iodide does not
show any significant change in colour under identical experimental
conditions. The corresponding UV-vis data show a blue shift of the
band of receptor 1 and a red shift of the band of receptor 2 for both
fluoride and acetate ions. In fluorescence studies, both the receptors
show quenching in the presence of fluoride and acetate ions.
Stoichiometry of anionic interaction has been determined from
1
H-NMR titrations and Job’s plot. Theoretical studies using
density functional theory and time dependent density functional
theory have been explored. Detection of fluoride in aqueous
medium by paper strips is also reported.
Keywords: Sensors, Anion sensors, Colorimetric sensors,
Fluoride
ions,
Acetate
ions,
Azo
dyes,
4-Hydroxycoumarins, Coumarins NMR titrations

Development
of
effect
chemosensors
for
environmentally and biologically significant species
has become an important topic of today’s scientific
research.1-8 Beside cations, anions also play an
essential role in biological systems and synthetic
world and the recognition of anions is a focus point in
today's detection studies.9-15 However, developing
practical strategies for anion detection are more
challenging than that for metal cations as anions are
larger in size and highly solvated. This implies less
effective electrostatic interactions which impair the
anion binding strength and selectivity.16 Fluoride ion
is one of the most toxic anions and harmful to the
environment and human health, though its beneficial

effects are also known for tooth and bone health
particularly in dental caries and osteoporosis.17, 20
However, acute exposure to fluoride ions can weaken
bones and ligaments, can cause problems in the
nervous system, changes in thyroid hormone status,
hypocalcemia, dental fluorosis (discoloration of teeth)
and infertility.18-20 Another important and common
anion in biology is the acetate ion. It is utilized by
organisms in the form of acetylcoenzyme.
Acetate[(11) C-Acetate] ion acts as a sensitive and
specific radiotracer in PET imaging of HCC and
evaluation of other liver masses.21 It also acts as
radioactive
tracers
in
protein-ion
binding
measurements.22 Thus, there is a need of rapid and
convenient analytical techniques for both qualitative
and quantitative detection of biologically important
－
－
anions such as F and AcO . Techniques based on
colorimetric/chromogenic and UV-vis determination
are especially attractive due to the naked eye guest
determination, simple instrumentation, not so
extensive sampling and less expensive equipment.
Colorimetric receptors that are easy and safe to handle
have received significant attention due to their ability
to achieve high selectivity and sensitivity.
The synthesis of azo dyes on 4-hydroxy coumarin
has been reported earlier 23 but it has not been utilized
as chromogenic sensor till 2014. In the recent past,
anion recognition ability of an azo dye derived from
4-hydroxycuomarinwas has been investigated by
Chandel et al.24 We have selectively chosen two
different aniline derivatives (one having a -Cl group
(1)and the other having an electron withdrawing -NO2
group (2)) for diazotization of 4-hydroxy coumarin
and compared the results of their sensitivity towards
anions. The behavior of these synthesized azo dyes
－
－
－
－
towards different anions (F , AcO , H2PO4 , Cl ,
－
－
Br and I ) was investigated through naked-eye
detection, UV-vis spectroscopy, fluorescence method,
DFT and TD-DFT methods. Solvatochromism of the
dyes in presence of other solvents of different
polarities was also investigated. Practical application
of the sensor 1 was investigated by paper strip test.
Experimental
All the reagents were purchased and used without
further purification. 2-Chloroaniline and 4-nitroaniline
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a b s t r a c t
Fisetin (FTN) and its metal chelates are critically important since this bioﬂavonoid possesses wide range of pharmacological properties. Usually, metal binding property enhances the pharmaceutical activity of FTN. Thus in this
report, we investigated the complexation of FTN with biologically essential metal ion Cu2+ and further examined
the effect of such complexation on calf thymus DNA (CT DNA) binding in comparison with free FTN. We
have characterized the complex formation of FTN with Cu2+ using UV-visible, ﬂuorimetric and FTIR studies.
Within our experimental concentration range we found that, FTN forms a 2:1 complex with Cu2+ in terms of
FTN:Cu2+. Spectroscopic analysis revealed that both FTN and FTN2-Cu2+ complex bind with CT DNA and the
binding constant is higher for free FTN. Perturbation of circular dichroism spectrum of CT DNA was observed in
presence of free FTN due to structural alteration in DNA double helix. Viscometric, thermal melting and ﬂuorescence quenching study conﬁrm that FTN intercalates in between the base pairs of CT DNA while its Cu (II) complex acts as a groove binder. Molecular docking study further conﬁrms that FTN intercalates into AT rich region of
CT DNA while its Cu (II) complex binds at the minor groove.
© 2018 Elsevier B.V. All rights reserved.

1. Introduction
Keeping in mind the role of DNA in controlling various cellular functions, it is regarded as an excellent target for treating genetic disorders
and diseases especially cancer [1]. Most of the anticancer drugs target
the cell cycle to prevent the rapid growth of cancer cells. Among such
drugs, small molecules that are able to bind DNA double helix constitute
an important research topic and several of them have been in clinical
use since long years (e.g. doxorubicin, daunorubicin, quercetin) [2,3].
Small molecules can bind to double stranded DNA via three modes
namely groove binding, intercalation between two nitrogenous base
pairs and electrostatic interaction along the exterior of the helix. Intercalation and minor groove binding are the predominant binding
modes of small molecules to DNA. Ligand binding to the sugarphosphate backbone may also take place but it is scanty. Small molecules preferably bind to the minor groove instead of major groove [4].
Minor groove binding ligands feature such a shape that permits the
ﬁtting of the small molecule into the groove with slight steric hindrance.
AT rich regions in the double helix are narrower and deeper than the
corresponding GC rich regions and thus permits for better ﬁtting of
the ligand in the said region. Hence, AT rich sequences are preferred
⁎ Corresponding author.
E-mail address: sumandas10@yahoo.com (S. Das).
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binding sites for minor groove binding small molecules [5–7]. On the
other hand, intercalation results due to the insertion of a small molecule
or fragment into two adjacent nitrogenous base pairs of DNA strand.
Such insertion goes through the opening of the stacked base pairs
resulting a hydrophobic binding pocket and induces conformational
changes in DNA structure. These structural and conformational changes
inﬂuence the biological functions of DNA [8,9].
On coming to DNA binding small molecules, nowadays much attention has been moved to the chemicobiological and pharmacological aspects of ﬂavonoids which are powerful antioxidants against a wide
range of diseases [10]. Flavonoids are naturally occurring polyphenolic
compounds, a class of plant secondary metabolites. The high potency
and low systemic toxicity make such compounds promising alternatives
to conventional therapeutic drugs. The fundamental structure of ﬂavonoid is composed of two benzene rings (A and B) connected via a heterocyclic pyran or pyrone (with a double bond) ring (C). On the basis
of the oxidation state of the heterocyclic ring, ﬂavonoids are classiﬁed
into different categories such as ﬂavones, ﬂavonols, ﬂavanonols, ﬂavanones or isoﬂavones [11]. Flavonoids have long been known to possess
several pharmacological activities [11,12]. Being typical polyphenolic
compounds, ﬂavonoids can chelate different metal ions to form metal
chelate complexes. Metal ion chelation enhances the chemicobiological
activities of ﬂavonoids than their free form and consequently reduces
their toxicity [13]. Among the various metal ions, copper ion is of special
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Assessment of intercalative interaction of the
benzophenanthridine plant alkaloid nitidine with
higher-ordered forms of RNA: spectroscopic
evaluation†
Lucy Haque, Sutanwi Bhuiya and Suman Das
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Spectrophotometric, spectropolarimetric, viscometric and spectrofluorimetric analysis of the binding
of the alkaloid nitidine to double- and triple-helical forms of RNA have served to highlight the ability of
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this drug to produce changes in the structure of RNA. The experimental data collected here confirm
that nitidine is able to intercalate into the base pairs of poly(A).poly(U) and poly(U).poly(A)*poly(U) under
specified conditions and the strength of interaction was of the order of 106 M1, as calculated from UV
absorption study. The binding constants showed that NIT binds more strongly to the triple-helical form
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of RNA than the corresponding parent duplex.

1. Introduction
Nucleic acids constitute the alphabet of the cellular language
and, via their sequence and topology, regulate vital cellular
functions. The significance of the chemistry of nucleic acids is
due to their important role in genetic material of all living
systems. The discovery of this fact is one of the greatest events
in our pursuit of knowledge. Recent studies have shown that
many variants of nucleic acids such as duplex DNA, singlestranded RNA, hairpins, cruciforms, triplexes, and quadruplexes
play key roles in cellular processes. Among these various polymorphic forms of nucleic acids, triple-helical nucleic acids have
recently received much attention owing to their diverse potential
applications in vivo. This form was originally discovered by Rich
et al. in 1957.1 Since then, a great deal of research eﬀort and
resources have been devoted to finding the significance of
triple-helical forms, as these novel structures are related to
diﬀerent biological processes. Subsequently, both triple-stranded
DNA and RNA-type structures have been prepared and studied by
several researchers.2,3 However, their proper biological relevance
was not investigated until triplex regions were found to exist in
H-DNA.4,5 After that discovery, interest in the investigation of
triple helices has increased by leaps and bounds. The potential
in vivo functions of triple-helical structures have been explained
by several researchers from time to time. Among DNA and RNA
Department of Chemistry, Jadavpur University, Raja S. C. Mullick Road, Jadavpur,
Kolkata 700 032, India. E-mail: sumandas10@yahoo.com, lucy.haque@gmail.com,
s.bhuiya12@gmail.com; Fax: +91 33 2414 6266; Tel: +91 94 3437 3164,
+91033 2457 2349
† Electronic supplementary information (ESI) available. See DOI: 10.1039/
c8nj03705a

triplexes, the function and role of DNA triplexes have been
a matter of concern to promising researchers since 1950s.
However, the emerging role of RNA triplexes in various biological processes has only recently been realized.6 An important
discovery related to RNA triplexes comprises their catalytic role
in RNA splicing. Moreover, RNA triplexes are important tertiary
motifs that are found in many pseudoknots and other RNA
structures. Structural studies have shown that RNA triplexes
exist within transfer RNA. Naturally occurring triplexes are
important for shaping RNA into complex three-dimensional
structures and for diverse biological functions.7,8 They are also
involved in antigene and antisense strategies. Triple-helical
forms are generally formed via sequence-specific recognition
of double-stranded nucleic acids by a third strand, which is
designated as triplex-forming oligonucleotide (TFO).9 The TFO
lies in the major groove of the duplex, where it forms specific
hydrogen bonds (Hoogsteen interactions) in contact with
substituents on the exposed faces of the Watson–Crick base
pairs. Two different triplex motifs have been characterized,
which differ in the orientation and base composition of
the third strand. The antiparallel arrangement of one purine
strand adjacent to two pyrimidine strands is referred to as the
‘pyrimidine.purine*pyrimidine’ triplex motif, of which an
example contains C.G*C and U.A*U triplets. The arrangement in
which the third strand becomes parallel to the duplex purine strand
is characterized by T.A*T and C+.G*C triplets.10,11 Triplex-forming
oligonucleotides (TFOs) bind to specific DNA/RNA sequences
and have been extensively used to modify gene function.12–14
However, the exclusive binding of TFOs to purine bases in
the duplex limits the eﬀective formation of triplexes in the
presence of oligopyrimidine.oligopurine sequences, which are
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Binding aspects of dietary flavone, luteolin,
with polymorphic forms of natural DNA: a
spectroscopic and molecular docking approach
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Physicochemical studies on the interactions of small molecules with diﬀerent polymorphs of DNA are
relevant for elucidation at the molecular level of the processes occurring in vivo. In our work, various
spectroscopic techniques combined with molecular modeling computations have been used to explore
the interactions of luteolin (LTN), a pharmacologically important bioactive flavone, with two polymorphic
forms of natural DNA. These include the low pH induced left-handed protonated and right-handed B
forms of DNA in aqueous buﬀer medium. The association was characterized by hypochromic and red
Received 8th August 2018,
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shifted absorption maxima, enhanced fluorescence intensity and strong perturbation in the circular
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extent of association of LTN with the protonated form in comparison to the native B form structure of

dichroism (CD) spectra. Binding parameters along with significant thermal stabilization indicate a greater
DNA. Viscometric and molecular docking studies together infer that the binding mode of LTN to the
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protonated DNA is external stacking while with B DNA it is intercalation.

Introduction
DNA plays a pivotal role in the synthesis of proteins (gene
expression) and its own replication makes it a potential target
for drugs, especially for antiviral, antibiotic and anticancer
actions. Thus, the study of small molecules that bind to nucleic
acids is one of the most important parameters in the design
and development of new therapeutic agents. Being a structurally
polymorphic macromolecule DNA can adopt a variety of conformations depending on the nucleotide sequence and environmental
conditions.1 These conformations of DNA include A, B, C and Z
forms, and hairpin or cruciform structures.2 Substantial eﬀorts
have been expended to reveal the biological consequences of such
structures.3 The right-handed B form (antiparallel double helical
structure) DNA can exist in a few other conformations, viz., A and C
forms etc. In several cases, the right-handed B form conformation
gets converted to the unusual left-handed Z form in solution by
alternating guanine–cytosine polynucleotides and retaining the
Watson–Crick base pairing.4,5 The conformational divergences
exhibited by A, B and Z DNA are primarily an outcome of
sugar puckering that fixes the chirality of the helix. A detailed
understanding of the physiological consequences of the said
conformations in vivo has still remained scanty. Proton addition
Physical Chemistry Section, Department of Chemistry, Jadavpur University,
Raja S. C. Mullick Road, Jadavpur, Kolkata 700 032, India.
E-mail: sumandas10@yahoo.com, s.bhuiya12@gmail.com, lucy.haque@gmail.com,
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or release is often found in biological systems that gained
substantial interest in various enzymatic reactions, triple helical
nucleic acid formation etc. DNA assumes the well-known righthanded B form structure via Watson–Crick base pairing at
normal physiological pH, while protonation-induced DNA structures
got severe attention due to the critical aspects of pH in biological
processes. Studies on the environmental influence on DNA topology
and pH regulated gene expression have been of great significance
as they engage the structure–function relationship of DNA. It
has been witnessed that in many biological systems, certain
physiological functions are relatively favoured under low pH
conditions. Li et al. have shown a pH-dependent enhancement
of DNA binding by the ultrabithorax homeodomain and this
report highlights the significance of the protonation induced
conformational study of nucleic acids.6 In another study, it has
been clearly revealed that the fusion of Epstein–Barr virus with
Raji (lymphoblastoid) cells at low pH is significantly enhanced
compared to that at neutral pH.7 The survival of Helicobacter
pylori, the major aetiological factor in chronic gastritis in
humans, in a low pH environment is probably related to its
pathogenicity.8 Foster has reported studies on the low pH
adaptation and tolerance response (ATR) of Salmonella typhimurium
and has found that the key to ATR is the synthesis of a series of acid
shock induced proteins for the log and stationary phases of ATR.9
These studies together with earlier reports of Hicky and Hirshfield10
have drawn considerable attention to pH regulated gene expression
and related environmental influences over DNA topology and
subsequent effects on selected gene expression.9 The influences
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Objective of the Project
The quest to understand specific interactions between drugs and nucleic
acids dates back a long time–more than 60 years. As the concept of specific
gene targeting gained momentum in the years of 1990s, different approaches
to the recognition of biologically meaningful sequences of base pairs made
their appearance in the field of modern biology. The first approach was triple
helix formation, in which a third polynucleotide strand sequence specifically
occupies the major groove of the double helix.
Systematic studies of the binding interactions between small molecules
and RNA-triplex are essential for deciphering the parameters that govern RNA
recognition. Among the interacting small molecules flavonoids are a group of
naturally available compounds that are very valuable source for drug
discovery. Their potential to act as antioxidant and antiviral agent has been
reported earlier. The project entitled “Binding of flavonoids to duplex and
triplex

nucleic

acid

structures:

Biophysical

and

thermodynamic

approach” was mainly concerned about the interaction of different
compounds of flavones family with triple helical forms of nucleic acid.
Thus the focus of this project was to study the interaction of some
flavonoids with DNA and RNA triple helices and characterization of the
interaction process using various spectroscopic techniques. Thermodynamic
characterization of the interaction was also to be addressed using isothermal
titration calorimetry (ITC) as a tool. Such detail studies is expected to be
helpful to give a clue to design triplex-binding ligands as well as it may give
the chance to explore the scope of using the naturally occurring flavonoids as
higher order nucleic acid binder.
Achievements of the Project
Study on drug-nucleic acid interaction has been in the focus for the last
seventy years in order to find new and developed therapeutic agents. During
the course of the progress of this field increasing efforts have been dedicated
in hope to understand the structural and functional aspects of small
molecule-nucleic acid interaction. Design and development of RNA targeted
small molecules is challenging in the present situation. The focus of our study
was on the systematic approach towards the structural, functional and
2|Page
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energetic aspects on the interaction of naturally occurring flavonoids with
double and triple helical structures of nucleic acids. In this regard we have
used double and triple helical forms of RNA as the target of biologically active
small molecules. In fact, formation and stability of triple helical nucleic acid
structures are very important in antigene strategy. But stability of such
structures limits their uses. Many small molecules have been addressed in
hope to stabilize the higher order nucleic acid structures. Flavonoids are
group of naturally occurring molecules having wide range of biological
activities. Some of compounds of this family have been chosen for the
stabilization purposes. Kaempferol, quercetin, fisetin and luteoline are
naturally occurring small molecules, which have been used to stabilize the
Hoogsteen base paired third strand of the RNA-triplex. These compounds
have been shown to stabiliz the third strand of triplex through a greater
extent.
Kaempferol, a bio-flavonoid which is abundant in fruits and vegetables, are
shown to intercalate into the duplex and triplex RNA. KMP exhibits larger
stabilization on U.A*U triplex compared to the duplex counterpart. Various
spectroscopic investigations and calorimetric experiment have shown that the
association constant is of the order of 105 M-1 and the binding is driven by
negative enthalpy and positive entropy change. Two flavonoids, namely
quercetin and morin are selected for running a comparative interaction study
to understand the role of hydroxyl groups present in the flavonoids. Results
reveal that the presence of hydroxyl groups in the B-ring does not lead to
stabilization of the RNA structures; there should be presence of a catechol
moiety in the B-ring which stabilizes the third strand of RNA triple helices as
well as the duplex RNA structure. A multi-spectroscopic investigation was
employed to monitor the interaction of another flavonoid fisetin with RNA
duplex and RNA-triplex. Fisetin exhibits stronger binding with RNA triplex
compared to the parent duplex. Fisetin stabilizes the Hoogsteen base paired
third strand of U.A*U compared to their respective Watson-Crick strand.
Viscometric results confirmed the mode of binding as intercalation. By using
DFT and TD-DFT calculation it can be seen that normal form of fisetin is more
stable than it’s photoproduced tautomer. In the excited state photoproduced
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tautomer interacts with the RNA-polymers due to the reason. TD-DFT
calculations predicted theoretical UV-Vis spectra as a quite logical and well
agreement with experimental one. Luteolin, a naturally occurring flavonoid
was found to interact with double stranded RNA and triple stranded RNA with
association constants of the order of 104 M-1. The mode of interaction was
intercalation as confirmed from viscometric experiment.
Besides the interaction study between RNA-polymers with the flavonoid,
interaction of alkaloids, which are also obtained from plants with different
forms of DNA and RNA were also studied.
CONTRIBUTION TO THE SOCIETY
Current research in drug discovery from medicinal plants involves a
multifaceted approach combining botanical, phytochemical, biological, and
molecular techniques. Drug discovery continues to provide new and
important leads against various pharmacological targets including cancer,
HIV/AIDS, Alzheimer's, malaria, and pain. Drug discovery from medicinal
plants has played an important role in the treatment of various diseases over
the last half century. The main objectives of the project are searching of
naturally occurring molecules of medicinal value.
Flavonoids are naturally occurring secondary metabolites of plants. They
posses anti-oxidant, anti-viral, anti-inflammatory properties. Moreover, they
are involved in various enzymatic activities. Parallelly RNA is biologically more
important molecule than DNA. It carries genetic information from gene to the
translational machinery where it is decoded in protein. Keeping in mind the
importance of the RNA-triplex, first priority has been the stabilization of the
RNA-triplex. Molecules with the ability of recognize and bind a specific
sequence of RNA helix is of prime interest as they have potential to be useful
as therapeutic agents. Here some naturally occurring small molecules such
as kaempferol, quercetin, fisetin and luteoline were selected for performing
binding study with double and triple helical forms of RNA and they have been
shown to bind and stabilize the triple helical structure of nucleic acid to a
greater extent compared to the duplex counterpart. Such specific interaction
of the said compounds with higher order nucleic acid structures lead us to
hope for developing flavonoid based RNA targeted therapeutic agents.
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