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Abstract

The interaction of the phototoxic and cytotoxic DNA binding plant alkaloid sanguinarine with double stranded polyadenylic acid has been
investigated from multifaceted spectroscopic and calorimetric techniques. The hypochromic and bathochromic shifts in the absorption spectrum,
and large enhancement of the fluorescence intensity of sanguinarine indicated strong binding of the alkaloid to the duplex poly(A). The corresponding
intrinsic binding constant for the complexation, obtained from visible absorbance and fluorescence spectroscopic methods, respectively, was found
to be in the order of 10* M~!. The binding was further characterized by strong energy transfer from the adenine base pairs to the alkaloid,
significant polarization of the fluorescence of the alkaloid, stabilization against thermal strand separation of the duplex, and also resulting in
remarkable conformational changes in poly(A) with concomitant generation of optical activity in the bound alkaloid molecules that are otherwise
achiral. Isothermal titration calorimetric and differential scanning calorimetric studies revealed the binding of the alkaloid to be exothermic and
enthalpy driven. All these results together with fluorescence quenching experiments advance good evidence for the intercalation of the alkaloid

sanguinarine into the duplex poly(A).
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

In contrast to the large number of studies on the mechanism of
binding of drugs to DNA [1-7] studies on the interaction of small
molecules with RNA are scanty. RNA plays crucial role in many
key biological processes as well as in the progression of parasites
and viruses and therefore its role as a prime target for therapeu-
tic intervention has been acknowledged now [8—11]. The recent
discovery of a variety micro RNAs further signifies the critical
roles of RNA in life process [12—15]. Consequently, a challeng-
ing problem entails the development of systems for modulating
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the RNA activity. Development of RNA binding molecules has
been critically limited in the past due to the complex structural
diversity of various RNA structures on one hand and the rela-
tively scanty high-resolution conformational information. This
scenario has changed in the recent past with the high-resolution
structure elucidation of number of RNAs. Conceptually, ratio-
nal design of RNA binding drugs seeks a detailed fundamental
knowledge of the binding affinity, specificity, selectivity mode
and mechanism, of already existing compounds. Natural prod-
ucts in general due to their unmatched chemical diversity and
biological relevance have been widely accepted as potential high
quality pools in drug screening. For example recent studies have
shown that protoberberine alkaloids berberine and palmatine and
benzophenanthridine alkaloid sanguinarine can exercise high
specificity to single stranded poly(A) molecules (Fig. 1, top
panel)[16-20]. Sanguinarine binding specifically induced self
structure formation in poly(A) revealing the possibility of tun-
ing DNA structural elements by small molecules [20]. Virtually
all mRNAs have a single stranded poly(A) tail at the 3’-end
that participates in many biological process. The poly(A) tail
is an important determinant in the maturation and stability of
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Fig. 1. Top panel: Basic structural unit of polyadenylic acid. Middle panel:
Hydrogen bonding between protonated adenines (N1) in double stranded
poly(AH™). Bottom panel: Chemical structure of sanguinarine.

mRNA [21,22]. The question of formation of double helical
poly(A) in eukaryotic cell has been raised recently [23] and it
has been suggested that a priori such possibility cannot be ruled
out. Adenine protonation in domain B of the hairpin ribozyme
has been shown to result in the stabilization of the loop structure
of the RNA enzyme [24]. In vitro, double helical poly(A) can
be formed by the pairing of protonated adenines at N1 position
(Fig. 1, middle panel) depending on the solution condition like
pH, salt and temperature [25-29]. It has been suggested that
the formation of a double helical poly(A) in the cell can termi-

nate the polyadenylation process [23]. The study of structural
and conformational transitions in poly(A) is deemed important
for a better understanding of structure—function relationships
in nucleic acids and also those small molecules that can bind
strongly to double stranded poly(A) may be potential com-
pounds for modulating the nucleic acid functions. Surprisingly,
very few small molecules have been found to bind to double
stranded poly(A) structure [30-32]. Our recent finding of self
structure induction in single stranded poly(A) by sanguinarine
prompted further investigations on the ability of this cytotoxic
and phototoxic alkaloid to bind to double stranded poly(A) struc-
ture. Further, our long-term interest in developing anti-tumour
agents from natural sources [7] led us to investigate the poten-
tial of natural compounds that could specifically target poly(A)
sequences.

Sanguinarine (13-methyl benzodioxolo{5,6-c}-1,3-
dioxolo{4,5-i}phenanthridinium (Fig. 1, bottom panel) is
a phototoxic benzophenanthridine alkaloid derived from the
root of Sanguinaria canadenis and other poppy-fumaria species
with a long history of use world wide in folk medicine. The
diverse pharmacological, photochemical and photobiologi-
cal activities of sanguinarine include potent anti-microbial,
anti-inflammatory, antioxidant, anticancer activities and sin-
glet oxygen generation [33-49]. It was reported to inhibit
proliferation of different types of cancer cells [50]. On the
other hand, sanguinarine was found to be less toxic towards
normal cells such as normal human epidermal keratinocytes
[44]. Several mechanisms have been proposed to explain the
antiproliforative activities of this alkaloid [46,49-52]. More
recent studies correlate the cytotoxicity of sanguinarine to the
DNA intercalating and subsequent ability to induce strand
breaks and other DNA damaging effects [53]. In spite of a
large number of studies on the interaction of sanguinarine with
nucleic acids [54-59] little is known regarding its binding with
RNA, particularly adenine rich RNAs and double stranded
RNAs. In this paper we present detailed spectroscopic and
thermodynamic elucidation of the binding of sanguinarine to
double stranded poly(A).

2. Experimental
2.1. Materials

Poly (A) was purchased from Sigma—Aldrich Corporation
(St. Louis, MO, USA) and used without further purification.
Concentration of the sample in terms of nucleotide phos-
phate (hereafter nucleotide) was determined by UV absorbance
measurements using molar extinction coefficient (¢) values
10,000M~!'ecm™! at 257 nm for poly(A) [31]. Sanguinarine
chloride was a product of Sigma—Aldrich and its concentra-
tion was determined by visible absorbance measurements using
molar extinction coefficient 327 =30,700 M~ cm~! [55]. The
purity of the alkaloid was tested by thin layer chromatography,
melting point determination and 'H NMR. Other reagents were
of analytical grade or better. All experiments were performed
in citrate—phosphate (CP) buffer containing 5mM Na,HPOy,
pH 4.5. pH was adjusted by citric acid. All the buffer solutions
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were passed through Millipore filter of 0.45 wm to remove any
particulate matter.

2.2. Methods

2.2.1. Preparation and characterization of double stranded
poly(A)

The double stranded poly(A) [hereafter poly(A)] was pre-
pared by the slow addition of single stranded poly(A) solution
to CP buffer of pH 4.5 under stirring as reported earlier [17]. At
least 2 h time was given for the transition to be 100% complete
that was monitored by absorption and circular dichroic (CD)
spectral measurements [17]. The absorption spectrum of double
stranded poly(A) has a hypochromic effect (14%) compared to
the single stranded spectrum (not shown). The absorption maxi-
mum of single stranded poly(A) was at 257 nm, that blue shifted
to 252nm on formation of the double stranded poly(A). The
CD spectrum of the single stranded poly(A) has a strong posi-
tive band with maximum around 265 nm followed by a negative
band around 210 nm while that of the double stranded poly(A)
has more stronger positive band around 263 nm and a weaker
negative band at 242 nm. These values are consistent to the lit-
erature data [16,17]. The double helical poly(A) was further
characterized by thermal melting study and under the present
conditions it melted cooperatively with a melting temperature
of 65 £ 1 °C. The formation of the double stranded structure was
observed to be 100% from the above characterization.

2.2.2. Preparation of sanguinarine solution

Sanguinarine is known to exist in two structurally differ-
ent forms namely the low pH charged iminium form and
the high pH neutral alkanolamine form [58]. The pK, of the
iminium—alkanolamine conversion under the conditions of this
study was estimated to be 7.6. The charged iminium form is
the biologically active form and exists 100% in the pH range
1-6 while above pH 8.5, the uncharged alkanolamine persists.
So all the experiments have been performed at pH 4.5 where
the structure is fully in the iminium form. The alkaloid solu-
tion was freshly prepared each day in CP buffer of pH 4.5 and
kept protected until use. The alkaloid obeyed Beers law in the
concentration range employed in this study.

2.2.3. Absorption spectral studies and evaluation of
binding parameters

Absorption spectral titrations were performed on a Shimadzu
PharmaSpec 1700 unit (Shimadzu Corporation, Kyoto, Japan)
in matched quartz cells of 1cm path length under stirring at
20+ 0.5 °C following generally the methods described earlier
[17]. A fixed concentration of poly(A) [SO wM] was titrated with
increasing concentration of sanguinarine. The amount of free
and bound alkaloid was determined as follows. Following each
addition of the alkaloid into the polymer solution, the absorbance
at the isosbestic point, 357 nm was noted (Aqbsqg) and the total
alkaloid concentration present was calculated as C; = A3zs7/€357.
This quantity was used to calculate the expected absorbance
(A°) at the wavelength maximum, viz. 327 nm, A° = Cie357. The

difference in A° and Aopsg gave the bound drug concentration as

A _ A° — Aobsd

=— = — 1
Aeg &f — &p M

Cy

where &r and g, represent the molar extinction coefficients of
the free and bound sanguinarine, respectively. The free drug
concentration (Cy) was determined by the difference

Ci=C—GCy @

The extinction coefficient of the fully bound alkaloid was
determined from the relation &y, = A377/C; by adding a known
quantity of sanguinarine to a large excess of poly(A) assuming
total binding. Alternatively, the absorbance of a known quantity
of sanguinarine was monitored at 327 nm while adding known
amounts of poly(A) until no further change was seen. The result
of absorption titration was expressed in the form of a Scatchard
plot as /Ct versus r where r is the moles of alkaloid bound per
mole of nucleotide. Non-linear Scatchard plots obtained were
further analyzed by the excluded site model for non-linear non-
cooperative ligand binding phenomenon using McGhee and von
Hippel equation [60],

(n—=1)
} 3)

(1 —nr)
[{1 —(n—Dr}

where K’ is the intrinsic binding constant to an isolated DNA

binding site, and ‘n’ is number of nucleotides occluded after the

binding of a single alkaloid molecule. The binding data were fur-

ther analyzed using the Origin 7.0 software as described earlier

[61].

The spectral titration data were also analyzed by the
Benesi-Hildebrand plot [62,63] by plotting the variation of
Cp/AAbs against 1/Cs yielding a straight line as described pre-
viously [19]. Here, Cp and Cs denote the concentration of the
alkaloid and poly(A), respectively, and A Abs is the difference in
absorbance of free and complexed sanguinarine at 327 nm. The
ratio of the intercept to slope of such plot gave K., the apparent
equilibrium constant.

LK —nr)
— = —nr
Cy

2.2.4. Continuous variation analysis (Job’s plot)

To determine the binding stoichiometry of complexation of
sanguinarine and poly(A). Job’s continuation method [64] was
applied as described previously [65]. At constant temperature,
the fluorescence signal was recorded for solutions where the
concentrations of both poly(A) and the alkaloid were varied
while the sum of their concentration was kept constant at 50 M.
AFsyg [difference in fluorescence intensity of the alkaloid in the
absence and presence of poly(A) at 570 nm] was plotted as a
function of the input mole fraction of sanguinarine. Break point
in the resulting plot corresponds to the mole fraction of san-
guinarine it the complex. The stoichiometry is obtained in terms
of poly(A)-sanguinarine[(1 — Xsanguinarine)/ Xsanguinarine] Where
Xsanguinarine denotes the mole fraction of sanguinarine.

2.2.5. Circular dichroism
Circular dichroism spectra were recorded on a Jasco J715
spectropolarimeter (Japan Spectroscopic Ltd., Japan) attached
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with a Jasco temperature controller and thermal programmer
(model PTC 343) in rectangular quartz cells of 1 cm path length
at 20 + 0.5 °C as reported earlier [66]. Each spectrum was aver-
aged from five successive accumulations and was base line
corrected and smoothed within permissible limits using the Jasco
software. The following settings were used for spectral accumu-
lations; scan rate, 100 nm/min; bandwidth 1 nm; sensitivity, 100
milli degrees. Induced CD of sanguinarine—poly(A) complexa-
tion was measured in the region 300-550 nm by keeping a fixed
concentration of the alkaloid (usually 25 wM) and varying the
concentration of poly(A). The molar ellipticity values [0] are
expressed in terms of either per nucleotide (210—400 nm) or per
bound alkaloid (300-550 nm).

2.2.6. Fluorescence titration and quenching studies

Steady state fluorescence measurements were performed on
a Hitachi F-4010 fluorescence spectrometer (Hitachi, Tokyo,
Japan) in fluorescence free quarts cells of one cm path length as
described previously [67]. The excitation wavelength for san-
guinarine was 475 nm and excitation and emission band pass
1.5 and 20 nm, respectively, were used throughout. All the mea-
surements were performed at 20 £ 0.5 °C under conditions of
constant stirring. The sample cell was thermostated using an
Eyela unicool water bath (Tokyo Rikakikai, Japan). Uncorrected
fluorescence spectra are reported.

Fluorescence quenching studies were carried out using the
anionic quenchers potassium iodide (KI) and potassium ferro-
cyanide (K4Fe[CN)g]) at a constant molar ratio of nucleic acid
to alkaloid (P/D) monitoring the fluorescence intensity changes
at 570 nm as a function of the quencher concentration. At least
four measurements were taken and averaged out. The data were
plotted as F,/F versus quencher concentration [Q] according to
the Stern—Volmer equation, as described earlier [68].

o4k “
= + Kw[0] )

where F, and F are the fluorescence intensities of the drug com-
plex with poly(A) (P/D=4.0) in the absence and presence of
the quencher and Kj, is the Stern—Volmer quenching constant,
which is a measure of the efficiency of the quencher.

2.2.7. Fluorescence polarization anisotropy

Fluorescence polarization anisotropy of a ligand and its
complexes with nucleic acid can be given by the following
expression:

L —I
T L2L

&)

where I, and I, are the fluorescence intensities of the vertically
(v) and horizontally (h) polarized emission, when the sample is
excited with vertically polarized light as described by Lakowicz
[69]. I, and Iy, are obtained by placing appropriate polarizing
lenses on the path of exciting and emitting light. /, is obtained
when the polarizers on the excitation and emission sides are in
parallel and I}, is obtained when the polarizers are crossed at a
right angle. To account for the polarization bias of the L-format
single channel detection system of the fluorescence spectrom-

eter, Eq. (5) has to be modified by introducing a polarization
correction factor as follows:

I, — Gl

= v -1 6
I, +2G 1y ©)

where G is the polarization correction factor (G-factor) for the
spectrometer as is defined in terms of a ratio between the verti-
cal (1) (90°, 0°) and horizontal (1) (90°, 90°) components of
fluorescence
I
G=2 )
I
In practice, fluorescence anisotropy measurements were carried
out as described by Larsson et al. [70] using

Ivv - Iva

— W vhr 8
Iy + 214G ®)

where G is the ratio Iy,v/In, used for instrumental correction Iy,
Iy, Iy and Iy, represent the fluorescence signal for excitation
and emission with the polarizer set at (0°, 0°), (0°, 90°), (90°,
0°) and (90°, 90°), respectively. The samples were excited at
475nm and the fluorescence signal was monitored at 570 nm
through crossed polarizers.

2.2.8. Sensitized emission and fluorescence energy transfer
Energy transfer from base pairs to the alkaloid was studied
by recording the excitation spectrum of the alkaloid in presence
of poly(A) in the range 220-300 nm and verified further by sen-
sitized emission spectra in the 500—700 nm region following the
methodology reported by Kumar and co-workers [71,72].

2.2.9. Determination of fluorescence quantum efficiencies

The quantum efficiency of a nucleic acid binding ligand is a
measure of the energy transferred from the nucleic acid to lig-
and upon complexation and is evaluated from the ratio of the
quantum efficiency of ligand to nucleic acid (gp) to the quan-
tum efficiency of the free ligand (gr) as given by the following
equation [73]

I e
o=L _I &

g It e

©))

where ef and &}, represent the molar extinction coefficients of
the free and bound sanguinarine to poly(A). ep was determined
by titrating increasing concentrations of poly(A) to a fixed
concentration of sanguinarine in 1cm path length cell in the
spectrophotometer. Each observed absorbance was subtracted
from the expected absorbance of the free sanguinarine to give AA
values. A plot of AA versus inverse poly(A) concentration gave
an exponential plot (not shown), the y intercept of which gave
the change in sanguinarine absorbance as poly(A) concentration
approached infinity, i.e. the change in ligand absorbance upon
reaching theoretically fully bound state. e, was then derived
from the equation

&p = e — Ae (10)
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where
_AA
el

where C and [ represent the initial ligand concentration and the
path length of the cell.

Ae (1)

2.2.10. Isothermal titration calorimetry

Isothermal titration calorimetry (ITC) was performed using
a Microcal VP-ITC titration microcalorimeter (MicroCal, Inc.,
Northampton, MA, USA) at 20°C as reported previously
[18-20]. Degassed sanguinarine (20 M) was placed in the
calorimeter cell and poly(A) at a concentration of (3.2mM)
was added sequentially in aliquots (10 wL) from the rotating
syringe (290rpm) at 4 min intervals. Corresponding control
experiments to determine the heat of dilution of the poly(A) to
buffer were performed. Each injection generated a heat burst
curve (microcalories per second) the area under which was
determined by integration (Origin software version 7.0) that
gave the measure of the heat of reaction associated with the
injection. The heat associated with each poly(A)-buffer mix-
ing was subtracted from the corresponding heat associated with
the alkaloid-polynucleotide injection to give the heat of alka-
loid binding for that injection. The soft ware provides the
best fit values of the heat of binding (AH®), the stoichiom-
etry of binding (N) and the association constant (K,) from
the plots of heat evolved per mole of poly(A) injected versus
the sanguinarine molar ratio. The heat of dilution of inject-
ing the alkaloid into the buffer alone was observed to be
negligible.

2.2.11. UV optical melting study

The melting of duplex poly(A) in the absence and presence
of sanguinarine was monitored using an eight cell tempera-
ture regulated cell holder in the Shimadzu Pharmaspec 1700
unit as reported previously [68]. The peltier controlled TMSPC-
8 model microcell accessory (Shimadzu Corporation) allowed
the collection of absorbance change over the range of temper-
ature 10-110°C. In a typical experiment, the poly(A) sample
was mixed and diluted into the desired degassed buffer in the
micro optical cuvettes of 1cm path length and the tempera-
ture of the microcell accessory was raised at a heating rate
of 0.5°C/min while continuously monitoring the absorbance
change at 252 nm. Melting curves allowed the monitoring of the
hyperchromic change and estimation of melting temperature,
T, the mid point of the hyperchromic transition.

2.2.12. Differential scanning calorimetry

Differential scanning calorimetry (DSC) measurements were
performed with a Microcal VP-scanning calorimeter (MicroCal,
Inc.) as reported earlier [65]. In a series of DSC scans, both
the cells were loaded with buffer solution, equilibrated at 10 °C
for 15min and scanned from 10 to 115°C at a scan rate of
50 °C/h. The buffer scans were repeated till reproducible and on
cooling, the sample cell was rinsed and loaded with poly(A) and
then with the poly(A)-sanguinarine complex [alkaloid/poly(A)
molar ratio=0.40] and scanned in the range 10-115°C. The
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Fig. 2. Representative absorption spectral changes of sanguinarine (4.7 wM) in
presence of 0, 3.57, 10.72, 19.65, 46.45, 69.67, 98.25, 113 and 141 uM (curves
1-9) of poly(A) in 10 mM CP buffer of pH 4.5 at 20°C. Inset: Changes in
absorbance value of sanguinarine at 327 nm with increasing P/D ratio.

DSC thermograms of excess heat capacity versus temperature
plots were analyzed using the Origin 7.1 software.

3. Results and discussion

3.1. Spectrophotometric studies and elucidation of binding
affinity

The binding of sanguinarine to poly(A) was studied by spec-
trophotometric titration. Sanguinarine has two major absorption
spectral peaks in the visible region centered around 327 and
470nm (Fig. 2). In presence of increasing concentrations of
poly(A) hypochromic and bathochromic effects with isosbestic
points at 357 and 507 nm were observed (marked by arrows in
Fig. 2) in the sanguinarine absorbance spectrum indicating the
onset of strong binding. The optical properties of sanguinarine
are presented in Table 1. Such hypochromic and bathochromic
effects occur due to the effective overlap of the  electron cloud
of the ligand and base pairs and are suggestive of intercalative
binding of sanguinarine. The sharp isosbestic points are similar
to that observed with the intercalative interaction of sanguinar-

Table 1

Summary of the optical properties of free and poly(A) bound sanguinarine®

Absorbance
Amax (free) 327
Amax (bound) 333
hiso® 357,507

30700 (327)
17045 (327)

&f (at Amax)
ev(at Amax)

Fluorescence
Amax (excitation) 475
Amax (emission) 570
FolFy© 3.18

4 Units: A, nm; & (molar extinction coefficient), M~! cm™1.
b Wavelengths at the isosbestic points.
¢ F, and F, are the fluorescence intensities of the free and completely bound

sanguinarine, respectively, at 570 nm.
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Fig. 3. Top panel: Scatchard plot of the binding of sanguinarine with poly(A).
The points in the figure represent the data points and the solid line represents
the best fit to the McGhee—von Hippel equation [3]. The experimental points are
the average of four determinations. Bottom panel: Benesi—Hildebrand plot for
poly(A)—sanguinarine complexation evaluated from spectrophotometric data at
A=327nm.

ine with DNA as reported previously and indicate equilibrium
binding [55]. The absorbance at 327 nm decreased gradually
with increasing P/D (inset, Fig. 2). The results of spectrophotot-
metric titration data were expressed as Scatchard plots as well as
analyzed by Benesi—Hildebrand plots. Such plots are depicted
in Fig. 3. The Scatchard plot in Fig. 3 (top panel) was non-linear
and concave upwards, indicating a non-cooperative binding
process. The least square fitting of the Scatchard plots to the

Table 2

Summary of the binding parameters of sanguinarine to poly(A) duplex®
Method of analysis Binding affinity® (x 10*M~1) n¢
McGhee—von Hippel 3.08 4.0
Benesi—Hildebrand 2.20 -
Job’s method - 4.05

2 Average of four determinations in 10 mM in CP buffer, pH 4.5 at 20 °C.

b K’ and K, are is the intrinsic binding constant and the apparent equilibrium
constant from the excluded site and Benesi—Hildebrand plots, respectively.

¢ nis the number of nucleotides excluded upon the binding of a single alkaloid
molecule in McGhee—von Hippel analysis while the same in Job’s method is the
binding stoichiometry.

300 |- % 7
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0.0 0.2 0.4 0.6 0.8 1.0

Mole fraction of sanguinarine

Fig. 4. Job’s plot for sanguinarine binding to poly(A) in 10 mM CP buffer, pH
4.5,20°C.

McGhee—von Hippel equation (Eq. (3)) gave the binding affinity
(K’) and the number of binding sites (n) in terms of excluded
sites. It was found that the binding affinity of sanguinarine to
poly(A) was 3.08 x 10* M~! with an exclusion parameter of 4
nucleotides (2 base pairs). The Benesi—Hildebrand plot (Fig. 3,
bottom panel) gave a straight line with an apparent equilibrium
constant (Ke) of 2.2 x 10* M~ in agreement with the results of
McGhee von Hippel analysis. The quantitative binding param-
eters of sanguinarine—poly(A) complexation are presented in
Table 2.

3.2. Binding stoichiometry (Job’s plot)

The binding stoichiometry of sanguinarine—poly(A) associ-
ation and the possible number of binding sites were determined
by continuous variation analysis (Job’s plot) in fluorescence.
The plot of difference fluorescence intensity at 570 nm versus
the mole fraction of sanguinarine (Fig. 4) revealed a single bind-
ing mode for sanguinarine on poly(A). From the inflection point
Xsanguinarine = 0.198, the number of nucleotides per sanguinarine
can be estimated around 4.0 nucleotides (2 base pairs). This is in
excellent agreement with the number of occluded sites obtained
from the McGhee—von Hippel analysis of the spectrophotomet-
ric data.

3.3. Circular dichroic spectral study

The conformational changes associated with the binding of
sanguinarine with poly(A) was probed through circular dichroic
studies. The CD spectrum of poly(A) (Fig. 5, top panel) has a
large positive band with maximum around 270 nm that decreased
in ellipticity as the binding progressed. The association of
sanguinarine to poly(A) induced optical activity in the bound
molecules that has been revealed by the study of induced CD
in the 300-550 nm by keeping a constant concentration of san-
guinarine and varying the concentration of poly(A). Induced
CD is defined as the CD of the ligand in its absorption region
where the polynucleotide does not have any contribution and
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Fig. 5. Top panel: Intrinsic circular dichroic spectra of poly(A) (62 uM) with
varying concentrations of 0, 3.1, 6.2, 12.4, 18.6, 24.8, 31, 37.2, 43 and 49.6 p.M
(curves 1-10) of sanguinarine, respectively, in 10 mM CP buffer of pH 4.5 at
20 °C. Bottom panel: Induced circular dichroic spectra of sanguinarine (25 pM)
with varying concentrations of 500, 450, 400, 350, 300, 250, 200, 150, 100, 50,
37.5,25, 18 uM of (curves 1-13) poly(A), respectively, in 10 mM CP buffer of
pH 4.5 at20°C.

is generated due to the asymmetric arrangement if the bound
molecules on the helix. The result of such study is presented
in Fig. 5 (bottom panel). An induced CD band with remark-
ably large negative ellipticity with peak maximum at 330 nm
was observed that decreased as the P/D decreased. This study
indicated the strong chiral environment of the intercalated san-
guinarine in the helical organization of poly(A) and is due to the
effective coupling of the transition moments of the bound san-
guinarine with the transition moments of the chirally arranged
base pairs.

3.4. Spectrofluorimetric titration and quenching study

Sanguinarine is a strong fluorophore that gives an emission
spectrum with maximum around 570 nm when excited at 475 nm
(Table 1). In Fig. 6 (left panel), the fluorescence emission spectra
of sanguinarine with increasing concentrations of poly(A) is pre-
sented. Fig. 6 (right panel) shows a plot of fluorescence intensity
at the Amax as a function of increasing P/D. The binding tends to
saturate beyond a P/D of 160. The fluorescence of sanguinarine

15 T T T 15 LU I —

Relative fluorescence intensity
Relative fluorescence intensity
(570 nm)

N 0 1 | 1 |
500 600 700 0 80 160

Wavelength (nm) P/D

Fig. 6. Left panel: Representative steady state fluorescence emission spectrum
of sanguinarine (2.4 uM, curve 1) in 10 mM CP buffer, pH 4.5 treated with 9.65,
19.30, 48.48, 72, 95.73, 168, 216, 322 and 409 uM (curves 2—10) of poly(A)
at 20 °C. Right panel: Variation of steady state fluorescence intensity at 570 nm
with P/D ratio.

remarkably enhanced on binding to poly(A) revealing a strong
binding of the drug with the poly(A) structure.

A reliable method of studying the binding of small molecules
to nucleic acids is the fluorescence quenching method [69]
where the molecules bound to the surface of the helix will be
accessible to the quencher while those buried by intercalation
inside the helix will be protected from the quencher. Anionic
quenchers like [Fe(CN)g]*~ or I~ will not be able to quench
the fluorescence of the intercalated molecules. Consequently,
the magnitude of the Stern—Volmer quenching constant (Kjy)
of ligands that are bound intercalatively will be lower than that
of the free molecules. In Fig. 7, the data on the fluorescence
quenching of sanguinarine—poly(A) complex in presence of KI
and K4[Fe(CN)g] are presented. It can be seen that binding to
poly(A) resulted in decreased quenching of the fluorescence
quenching of sanguinarine. Ky, values of free sanguinarine with
I~ and [Fe(CN)g]*~ were 98.0 and 83.7 L/mole, while those of
bound were 21.8 and 13.0 L/mole. This result demonstrated that
the bound sanguinarine is sequestered away from the solvent
suggesting intercalative binding inside the poly(A) helix.

3.5. Fluorescence polarization anisotropy measurements

Fluorescence polarization anisotropy measurements provide
evidence for the intercalative binding of drug into a duplex
[74]. On intercalation of sanguinarine into the double helix its
rotational motion should be restricted and as a consequence flu-
orescence from the bound chromophore should be polarized. In
the absence of poly(A), fluorescence of sanguinarine was weakly
polarized (0.018 £0.003) due to the rapid tumbling motion of
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Fig. 7. Stern—Volmer plots for the quenching of sanguinarine fluorescence by
KI at 20 °C in 10 mM CP buffer, pH 4.5 in the absence (0) and in the presence
of poly(A) (@) at D/P 0.40 and by K4[Fe(CN)¢] in the absence (O) and in the
presence (M) of poly(A) under the same conditions.

sanguinarine in aqueous media. But on binding to poly(A) the
fluorescence is significantly polarized (0.240 £ 0.002) suggest-
ing intercalation of the alkaloid into the helix. This result is in
excellent agreement with the results of quenching experiment.

3.6. Energy transfer from poly(A) bases to sanguinarine
and determination of quantum efficiency

The possibility of energy transfer from the adenine bases of
the duplex poly(A) to sanguinarine (Fig. 8) was explored by
recording the excitation spectrum of the alkaloid in the range
210-300nm keeping the emission fixed at 570 nm. The exci-

—
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poly(A)

Fig. 8. Schematic energy level diagram for the energy transfer from adenine
bases of poly(A) to sanguinarine.
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Fig. 9. Top panel: Fluorescence excitation spectra of sanguinarine recorded in
the absence and presence of poly(A) in 10 mM CP buffer, pH 4.5 monitored at
570 nm at 20 °C. Bottom panel: Sensitized fluorescence spectra of sanguinarine
recorded in the presence (curve 1, 290 nm excitation) and absence (curve 2)
under similar condition.

tation spectrum of free sanguinarine matched excellently with
the absorption spectrum (not shown). The excitation spectrum
of sanguinarine—duplex poly(A) mixture resulted in intense flu-
orescence from sanguinarine—poly(A). The light absorption by
sanguinarine in this region is minimum while poly(A) has a
strong absorption band. The ratio of the excitation spectra in
presence of poly(A) is shown in Fig. 9 (top panel) and this plot
is an indication of direct emission from sanguinarine and val-
ues larger than one indicates sensitization by poly(A). A new
band around 290 nm in the excitation spectrum in the region of
absorption of poly(A) clearly indicates energy transfer from ade-
nine base pairs to sanguinarine. The energy transfer was further
confirmed by sensitized emission which is much more intense
than the direct emission (Fig. 9, bottom panel).

Determination of quantum efficiency (Q) further supports
the strong binding of sanguinarine to poly(A). A plot of AAbs,
against the inverse of poly(A) concentration gave an exponential
plot (not shown) from which a quantum efficiency value of 5.1
has been determined which indicates enhancement of the energy
of the bound ligand. Q > 1 is indicative of enhancement of fluo-
rescence intensity and greater retention of fluorescence energy
by the bound sanguinarine due to shielding within the binding
site from quenching by solvent [73].
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Fig. 10. Top panel: Representative ITC profile for the binding of sanguinarine
to poly(A) in 10mM CP buffer, pH 4.5 at 20 °C indicating the raw data for
sequential 10 wL of 3.2 mM poly(A) into 20 M of sanguinarine solution (curves
on the bottom) and poly(A) dilution control (curves offset for clarity). Bottom
panel: Plot of integrated heat data after correction of heat of dilution of poly(A)
against the molar ratio of the drug to poly(A). The data (open squares) were
fitted to a one-site model and the solid curve represents the best fit.

3.7. Isothermal titration calorimetry

Isothermal titration calorimetry has become an effective
tool to thermodynamically characterize the binding of small
molecules to macromolecules [75-76]. Further, it provides
significant insight into the energetics of the complexation.
Therefore, this technique was used to thermodynamically char-
acterize the formation in poly(A)-sanguinarine complex. In
Fig. 10 (top panel) the isothermal titration calorimetric data
of the titration of poly(A) into a solution of sanguinarine
is presented. Each injection heat burst curve in the fig-
ure corresponds to a single injection. These injection heats
were corrected by subtracting the corresponding dilution heats
derived from the injection of identical amounts of poly(A)
into buffer alone (Fig. 10, top panel, curves off set for clar-
ity). In Fig. 10 (bottom panel) the resulting corrected heats
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Fig. 11. Thermal melting profile of poly(A) (50 uM) treated with 0 (O), 5 (@),
10 (A), 15 (A), and 20 () uM of sanguinarine in 10 mM CP buffer, pH 4.5.

are plotted against the molar ratio. In this panel the data
points reflect the experimental points while the continuous
line represents the calculated fits of the data. The binding
was characterized by exothermic heats. The binding affin-
ity and thermodynamic parameters of sanguinarine—poly(A)
complexation were obtained by fitting the integrated heats of
association to the one site binding model to give an association
constant, K, of 7.13+0.84 x 10* M~L, which is in reason-
able agreement with the spectrophotometric titration data (vide
supra), a binding free energy (AG°)=—6.55 £ 1.15 kcal/mole,
a AH°=-5.94 4+ 1.12kcal/mole, a AS°=1.944+0.43 cal/deg/
mole and a binding site size (n) of about 3.7 (1/N) nucleotides
(Table 3). Such negative enthalpy of binding is again gener-
ally typical for intercalative interaction of small molecules to
nucleic acids [77]. The binding free energy coupled with the
binding enthalpy derived from the ITC data enabled the calcu-
lation of the corresponding entropic contribution to the binding.
The small entropy term, TAS® =0.56 £ 0.11 kcal/mole indicates
that the binding is predominantly enthalpy driven that can be
rationalized due to the formation ordered structure due to the
intercalation of sanguinarine in the poly(A) helix.

3.8. Thermal melting studies

The ability of binding compounds to enhance the stability of
the helix is generally studied through optical melting studies. We
verified the stability enhancement of the poly(A) helix on com-
plexation with sanguinarine. In Fig. 11, the data on the thermal
melting of poly(A) with varying input ratios of sanguinarine are
presented. The duplex poly(A) cooperatively melts with a T,

Table 3

ITC derived thermodynamic profiles for the binding of sanguinarine to poly(A) duplex in 10 mM CP buffer, pH 4.5 at 20 °C*

T (K) K, (x 10*°M™1) AH® (kcal/mole) TAS® (kcal/mole) AG°®(kcal/mole) N
293 7.13+£0.84 —594+1.12 0.56+0.11 —6.55+1.15 0.27

2 K, and AH° values were determined from fits of the ITC profiles to Origin 7.0. The values of AG® and TAS® were determined using the equations
AG°=—(RTInK,) and AG° = AH° — TAS®, respectively.
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Fig. 12. DSC thermograms of poly(A) (1 mM) (solid curve) and complex of
poly(A) (1 mM) and of sanguinarine (400 uM) (dotted curve) in 10mM CP
buffer, pH 4.5.

of 65 £ 1°C that has been stabilized by the presence of bound
sanguinarine. A ATy, of about 6 °C was obtained on saturation
of the helix. This result further reiterates the strong binding of
sanguinarine to poly(A).

3.9. Differential scanning calorimetry

The differential scanning calorimetry melting profiles (C,
versus T) presented in Fig. 12 further reiterate the strong
binding of sanguinarine to poly(A). The melting temperature
of duplex poly(A) alone (solid curve in Fig. 12) was about
65 £ 1 °C. The DSC melting of poly(A) in the absence of san-
guinarine was cooperative and fully reversible enabling the
application of equilibrium thermodynamics to evaluate the ratio
of vant” Hoff to calorimetric enthalpy (AH, =21.22 kcal/mole,
AH_, =21.54 kcal/mole). The ratio of the calorimetric to vant’
Hoff enthalpy is unity indicating two state transition; that is, the
transition occur in an all or none fashion without any interme-
diate state. On the other hand, in presence of the alkaloid, the
stability of poly(A) enhanced with a melting temperature (7y,)
of 70 £ 1 °C (dashed curve in Fig. 12) and the enthalpy of helix
denaturation was several fold higher. A vant’ Hoff enthalpy of
24 .94 kcal/mole and a calorimetric enthalpy of 36.51 kcal/mole
were evaluated from the DSC data for the sanguinarine com-
plexed poly(A) denaturation. The melting temperature of the
sanguinarine induced poly(A) complex is in complete agreement
with the optical melting result.

3.10. Comparison of the binding affinity to single stranded
poly(A)

The binding affinity of sanguinarine to the single stranded
poly(A) has been found to be in the range (3.6-4.6) x 10°M~!
and this is about 2 orders of magnitude higher than the affinity
reported here towards double stranded structure [20]. Another
unique feature of the interaction to single stranded DNA was
the induction of self structure in poly(A) molecules. Although
the mode of interaction of sanguinarine to single and double

stranded poly(A) appears to be by intercalation, the molecular
aspects of the interaction like stoichiometry, energy transfer and
thermodynamics appear to be significantly different.

4. Conclusions

The binding of the benzophenanthridine plant alkaloid
sanguinarine to duplex poly(A) investigated by various spec-
troscopic and calorimetric techniques provided the following
results. Sanguinarine binds strongly to the duplex poly(A) struc-
ture as evidenced by hypochromic and bathochromic effects in
its absorption spectra and enhancement in its fluorescence. The
binding resulted in significant polarization of the fluorescence
of sanguinarine. Evidence for strong energy transfer from the
poly(A) bases to the bound sanguinarine was provided further
evidence for the close proximity of the bound molecules to the
adenine base pairs. The stiochiometry of the binding was deter-
mined to be four nucleotides per sanguinarine. Thermodynamic
parameters suggested the binding to be exothermic and enthalpy
driven typical for intercalative binding. From optical and differ-
ential scanning calorimetric studies, the stability enhancement
of the poly(A) helix by sanguinarine binding has been inferred.
Sanguinarine is a strong GC specific DNA intercalator, and the
ability of this alkaloid to intercalate and stabilize the duplex
structure of poly(A) may be significant in terms of the therapeu-
tic potential of this alkaloid.
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