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Abstract

The interaction of two natural protoberberine plant alkaloids berberine and palmatine with t-RNAphe was studied using various biophysical
techniques and the data was compared with the binding of the classical DNA intercalator, ethidium. The results of optical thermal melting,
differential scanning calorimetry and circular dichroism characterized the native cloverleaf structure of t-RNA under the conditions of the study.
The strong binding of the alkaloids and ethidium to t-RNAwas revealed from the absorption and fluorescence studies. The salt dependence of the
binding constants enabled the dissection of the binding free energy to electrostatic and non-electrostatic contributions. This analysis revealed a
surprisingly large favourable component of the non-electrostatic contribution to the binding of these charged alkaloids and ethidium to t-RNA.
Isothermal titration calorimetric studies revealed that the binding of both the alkaloids is driven by a moderately favourable enthalpy decrease and
a moderately favourable entropy increase while that of ethidium is driven by a large favourable enthalpy decrease. Taken together, the results
suggest that the binding of these alkaloid molecules on the t-RNA structure appears to be mostly by partial intercalation while ethidium
intercalates to the t-RNA. These results reveal the molecular aspects on the interaction of these alkaloids to t-RNA.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Interaction between small molecules and nucleic acids has
been an active area that has received considerable attention in
the past several years [1–4]. The impetus for these studies has
been the desire to understand the molecular basis of drug action.
Extensive studies have led to the discovery of a large number of
lead compounds that range from natural products to purely
synthetic designs that can bind in a variety of surprising ways to
DNA modulating various biological activities. These molecules
serve as lead compounds in studies of protein–nucleic acid
recognition, provide site specific reagents for molecular biology
and serve as potential guides for the rational design of new
therapeutic agents. Intercalation and groove binding represent
two major noncovalent binding modes of small molecules to
DNA and knowledge on the molecular aspects of these binding
modes have significantly advanced the development of more
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efficacious anticancer agents. In contrast to DNA, over a period
of time very little attention has been paid to the recognition of
RNA by small molecules. This has been partly due to the
complex structural diversity of the RNAs in comparison to
DNA and the relatively scanty high-resolution structural
information available in respect of RNA molecules. Neverthe-
less, since the knowledge that many serious diseases are caused
by RNA viruses and particularity after the emergence of RNA
viruses like HIV and Hepatitis C, there has been growing
interest in the development of RNA binding antiviral com-
pounds and RNA based anticancer agents [5–9]. A rational
design of such RNA based therapeutics molecules however
would essentially require a detailed knowledge of the structural
aspects of RNA on one hand and the molecular nature of the
mode, mechanism and specificity of binding of small molecules
to various conformations of RNA on the other hand. In the past
several years significant advancement has taken place in the
structural evaluation of various RNAs [10,11]. Although all
cellular RNAs have single polynucleotide chain, they are highly
versatile molecules that can fold into a multitude of secondary
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Fig. 2. Chemical structure of (A) berberine, (B) palmatine and (C) ethidium.
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structures and conformations. These complex structural motifs
could be potential binding pockets for specific drug recognition
sites and it would be interesting to take advantage of these
promising recognition capabilities of RNAs to develop new
RNA binders as modulators of cellular functions [12–14].
Studies in this direction have identified different class of RNA
binding compounds, of which the most important are the ami-
noglycoside antibiotics that was shown to interact with the
functional sites on 16S rRNA [15,16]. One approach to the
development of RNA targeted drug has been to study the
interaction of known DNA binding compounds with fairly well
characterized interaction profiles. Wilson and coworkers have
initiated work in this direction and have performed interaction
of a wide variety of DNA intercalating and groove binding
molecules with various RNA constructs [5,17–19]. As part of
antigene strategy, studies with many RNA triplexes were also
performed [20,21]. Our primary interest has been to enhance the
fundamental knowledge in this area by studying the binding of
some natural alkaloids with t-RNA structures. t-RNAs are
versatile molecules with cloverleaf structure that show high
degree of folding stabilized by base stacking, base pairing and
other tertiary interactions. t-RNAphe (Fig. 1) is one of the most
thoroughly characterized naturally occurring RNA molecule
available for such interaction study. Natural products in general
due to their unmatched chemical diversity and biological
relevance have been widely accepted as potential high quality
pools in drug screening. In this context, our previous studies
have identified the protoberberine alkaloids berberine and
palmatine to be lead compounds that exercise high specificity to
single stranded poly(A) molecules [22–25]. A subsequent study
by Xing et al. [26] on the closely related synthetic molecule
coralyne further confirmed the high specificity of protoberber-
ine related compounds to poly(A). Protoberberines are now
extensively studied and being known to be important lead
compounds in cancer therapy of which berberine and palmatine
Fig. 1. The cloverleaf structure of yeast t-RNAphe.
(Fig. 2A and B) are the two most prominent members. Plants
containing these alkaloids have been used as folk medicines for
centuries world over without a clear understanding of their
molecular bio-targets. Berberine and palmatine have wide range
of biochemical and pharmacological effects [27–29] and were
demonstrated to possess antitumor activity in vitro and in vivo
[30–33]. Berberine induces apoptosis through a mitochondria/
caspase pathway in human hepatoma cells [34]. Both the
alkaloids have been known to bind to DNA predominantly by
intercalation exhibiting remarkable adenine–thymine base pair
specificity [35–40]. In view of their remarkably strong binding to
poly(A) we sought to study the interaction of these two natural
alkaloids with other RNA structures with the long-range goal of
developing RNA based therapeutic agents. In this paper we
present the results of our investigation on the binding of berberine
and palmatine to t-RNA and compare it with the t-RNA–ethidium
(Fig. 2C) complexation from multifaceted spectroscopic, thermal
melting, viscometric, ultra sensitive titration and differential
scanning calorimetric studies.

2. Experimental

2.1. RNA and drugs

t-RNAPhe (yeast) was purchased from Sigma-Aldrich Corpo-
ration (St. Louis, MO, USA). Its concentration was determined
spectrophotometrically using a molar extinction coefficient (ε)
6900 (M−1 cm−1) at 258 nm expressed in terms of nucleotide
phosphates [41]. The ratio of the absorbance at 260 to 280 nm
indicated that the sample was free from protein contaminations.
Berberine chloride, palmatine chloride and ethidium bromide
were obtained from Sigma-Aldrich and were used without further
purification as no detectable impurities were observed by thin
layer chromatography and 1HNMR spectroscopy. Drug solutions
were freshly prepared each day and were always kept protected in
the dark to prevent any light induced photochemical changes.
Molar extinction coefficients (ε) of 22,500M−1 cm−1 (at 344 nm)
for berberine, 25,000 M−1 cm−1 (at 345 nm) for palmatine and
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5680 M−1 cm−1 (at 480 nm) for ethidium were used for
determining their concentrations by absorbance measurements.
No deviation from Beer's law was observed in the concentra-
tion range employed in this study.

All experiments were conducted in Citrate-Phosphate (CP)
buffer (1 mM [Na+]), pH 7.0, containing 0.5 mM Na2HPO4.
pH was adjusted using citric acid [42,43]. Glass distilled de-
ionized water and analytical grade reagents were used through-
out. pH measurements were made on an Electronic Corporation
(India) pH meter with an accuracy of ±0.01 units. All buffer
solutions were filtered through Millipore filters of 0.45 μm
before use.

2.2. Circular dichroism

Circular dichroism (CD) measurements were carried out on a
PC controlled JASCO J715 spectropolarimeter (Japan Spectro-
scopic Ltd., Japan) equipped with a JASCO temperature
controller (model PTC 343) at 25±0.5 °C as reported earlier
[9,44]. A rectangular quartz cell of 1 cm path length was used for
CD measurements. Each spectrum was averaged from five
successive accumulations at a scan rate of 100 nm min−1

keeping a bandwidth of 1.0 nm at a sensitivity of 100 milli
degree and was base line corrected and smoothed within
permissible limits using the inbuilt software of the unit. The
molar ellipticity values [θ] are expressed in terms of either per
nucleotide (210–400 nm) or per bound ligand (300–500 nm in
case of alkaloids and 300–700 in case of ethidium). Temperature
dependent spectra in the range 5–15 °C were acquired with
continuous purging of dry nitrogen gas in the sample chamber to
prevent condensing of moisture on the optical windows. The
spectropolarimeter was routinely calibrated using an aqueous
solution (w/v) of d-10 ammonium camphor sulphonate.

2.3. Absorbance titration

The absorption spectra of the drugs mixed with or without
RNA were obtained at 25 ± 0.5 °C using a Shimadzu
PharmaSpec 1700 spectrophotometer (Shimadzu Corporation,
Japan) in matched quartz cells of 1 cm path length. Titrations
were performed keeping a constant concentration of the ligand
and varying the t-RNA concentration following generally the
methods described earlier [45].

2.4. Fluorescence titration

Steady state fluorescence measurements were performed on a
Hitachi F4010 fluorescence spectrometer (Hitachi Ltd., Tokyo,
Japan) in fluorescence free quartz cells of 1 cm path length as
described previously [9] where a fixed concentration of the
ligand was titrated with increasing concentrations of t-RNA. The
excitation wavelength for berberine and palmatine was 350 nm
while the same for ethidium was 510 nm. All measurements
were done keeping excitation and emission band passes of 5 nm.
The sample temperature was maintained at 25±0.5 °C using
Eylea Uni Cool U55 water bath (Tokyo Rikakikai, Japan).
Uncorrected fluorescence spectra are reported.
2.5. Evaluation of binding stoichiometry of ligand–t-RNA
complexation

JOBS continuous variation method [46,47] was applied to
determine the binding stoichiometries. At constant temperature
(25 °C), the fluorescence signal was recorded for solutions
where the concentration of both t-RNA and ligand were varied
while the sum of their concentrations was kept constant at
80 μM. ΔF530 in case of the alkaloids and ΔF605 in the case of
ethidium (the difference in the fluorescence intensity of the
ligand in the absence and presence of t-RNA) was plotted as a
function of the input mole fraction of the ligand (χ). Break point
in the resulting plot corresponds to the mole fraction of the
ligand in the complex. The stoichiometry is obtained in terms of
t-RNA–ligand [(1−χligand): χligand], where χligand denotes mole
fraction of ligands.

2.6. Determination of affinity constants

Binding affinities of the compounds to t-RNA were
evaluated from absorbance and fluorescence titrations. From
the titration data the concentrations of bound (Cb) and the free
ligand (Cf) were determined from the absorbance or fluores-
cence change at a fixed wavelength, which usually corresponds
to the wavelength of maximum change (344 and 345 nm in case
of berberine and palmatine and 480 nm in the case of ethidium).
If AF(IF), AB(IB), and A(I) represent respectively, the absorbance
(or fluorescence) of the initially, finally, and partially titrated
ligands, then the fraction of the bound ligand molecules (αb)
would be given by

ab ¼ AFðIFÞ−AðIÞ=AFðIFÞ−ABðIBÞ: ð1Þ

The molar concentration of free and bound ligand molecules
and r, the number of moles of ligand bound per mole of
nucleotide could be evaluated from the following equations
where D and P represent the total input ligand and RNA
nucleotide phosphate concentration respectively

Cf ¼ ð1−abÞD ð2Þ

Cb ¼ abD ð3Þ

r ¼ Cb=P ¼ abD=P: ð4Þ

Binding data obtained from spectrophotometric and spectro-
fluorimetric titrations were cast into Scatchard plot of r/Cf

versus r. Non-linear binding isotherms obtained in each case
were fitted to a theoretical curve drawn according to the
excluded site model [48] developed by McGhee and von Hippel
for a non-linear non-cooperative ligand binding system using
the following equation

r
Cf

¼ Kið1−nrÞ ð1−nrÞ
f1−ðn−1Þrg

� �ðn−1Þ
ð5Þ
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where Ki is the intrinsic binding constant to an isolated binding
site, and n is the number of nucleotides excluded by the binding
of a single ligand molecule. The binding data were analyzed
using the software programme Scatplot [49] version 1.2 that
works on an algorithm that determines the best-fit parameters to
(5) as described earlier [44,45].

2.7. Solution viscosity measurements

Viscometry studies used a Cannon-Manning semi micro
dilution viscometer type 75 (Cannon Instruments Co., State
College, PA, USA) submerged vertically in a constant
temperature water bath (Cannon Instruments Co.) maintained
at 25±0.5 °C. 600 μL of t-RNA solution (700 μM) was placed
in the viscometer and aliquots of stock solution of the
compounds under study were directly added into the viscometer
to obtain increasing D/P [drug (ligand)/nucleotide phosphate
molar ratio] values. Bubbling dry nitrogen gas slowly through
the viscometer ensured mixing of the solution. Flow times of
sample alone and sample with different ratio of the ligands were
measured in triplicate with an accuracy of ±0.01 s using a Casio
model HS-30Welectronic stop watch (Casio Computer Co. Ltd,
Japan) and the relative specific relative viscosity was calculated
using the equation

g Vsp=gsp ¼ ½ðtcomplex−toÞ=to�=½tcontrol−to=to� ð6Þ

where η′sp and ηsp are the specific viscosity of t-RNA in the
presence and absence of the ligands and tcomplex, tcontrol are the
average efflux times of complex and RNA and to is the same for
the buffer as described previously [9,50].

2.8. Isothermal titration calorimetry

Isothermal titration calorimetric (ITC) experiments were
performed at 25 °C (298 K) on a MicroCal VP-ITC unit
(MicroCal, Inc.; Northampton, MA, USA). The t-RNA solution
was dialyzed against the buffer and the dialysate was used for
the preparation of the ligand solutions. Prior to use all the
solutions were thoroughly degassed by stirring under vacuum
(140 mbar, 8 min) on the Microcal's Thermovac unit to
eliminate air bubbles. The ITC cell was filled with the ligand
solution (20 μM berberine or ethidium and 25 μM palmatine)
and was titrated with the RNA solution (2.8 mM in case of
titration to berberine or palmatine and 1 mM for titration to
ethidium) from the syringe. Origin 7.0 software, supplied by
Microcal was used for data acquisition and manipulation. In a
typical experiment each titration consisted of several injections.
Corresponding control experiments to determine the heat of
dilution were performed by injecting the t-RNA in the same
protocol to the buffer alone. The heat signal of this control was
then subtracted from the raw data for each titration. The area
under each peak was determined by integration using the Origin
software to give the measure of the heat associated with the
injection. The heat associated with each RNA-buffer was
subtracted from the corresponding heat associated with each
RNA-alkaloid injection to give the heat of alkaloid binding for
that injection. The heat of dilution of injecting the ligands into
the buffer alone was observed to be negligible. The resulting
data were analyzed using Origin software to estimate the
binding affinity (Kb), the binding stoichiometry (N) and the
enthalpy of binding (ΔHo). The free energies (ΔGo) were
calculated using the standard relationship

DGo ¼ −RT lnðKbÞ: ð7Þ

The binding free energy coupled with the binding
enthalpies derived from the ITC data allowed the calculation
of the entropic contribution to the binding (TΔSo), where
TΔSo is the calculated binding entropy using the standard
relationship

TDSo ¼ DHo−DGo: ð8Þ

2.9. Differential scanning calorimetry

To investigate the helix-coil transition of t-RNA, excess heat
capacities as a function of temperature were measured on a
Microcal VP-differential scanning calorimeter (DSC) (Micro-
Cal, Inc.; Northampton, MA, USA). The t-RNA sample for DSC
measurement was prepared exactly like that for ITC. The
instrument base line was determined before the sample scans by
filling both reference and sample cells with the same dialysate
buffer. The sample cell of the calorimeter containing 0.52 mL of
the t-RNA solution (2 mM) and the reference cell containing the
same volume of the buffer solution were heated from 10 to
100 °C employing the same scanning parameters used for the
base line scanning. Typically a scan rate of 60 °C/h was set for
the heating cycle and each experiment involved at least three
separate filling of the DSC cell. Each experiment was repeated
twice with separate fillings. After buffer subtraction and base
line adjustments, the DSC thermograms depicting excess heat
capacity versus temperature plots were analyzed using the
Origin 7.0 software. The thermograms were deconvoluted con-
sidering three transitions and were carried out using the Non-2-
State with zero DCp model of Origin fitting. The analysis gave
values for the melting temperatures, Tm and the calorimetric and
van't Hoff enthalpies for the transitions. To check the re-
versibility of the transition, the sample was allowed to cool
slowly to 10 °C (10 °C/h) and a repeat DSC scan was performed
on the renatured sample under identical conditions.

2.10. UV optical melting study

Absorbance versus temperature profiles (melting curves) of
t-RNA were measured on the Shimadzu Pharmaspec 1700 unit
equipped with the peltier controlled TMSPC-8 model accessory
(Shimadzu Corporation, Japan). In a typical experiment, the
RNA sample was mixed and diluted into the desired degassed
buffer in the micro optical cuvettes of 1 cm path length and the
temperature of the microcell accessory was raised at a heating
rate of 0.5 °C/min while continuously monitoring the
absorbance change at 260 nm. Melting curves allowed an
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estimation of melting temperature, Tm, the midpoint tempera-
ture of the unfolding process. The, van't Hoff enthalpy, ΔHVH

was calculated using the equation [51]

DHvh ¼ ð2þ 2nÞRT 2
mðya=yTÞT¼Tm

ð9Þ

where α is the fraction of single strands in the duplex state.
3. Results

3.1. pH and temperature dependent conformation of t-RNA
from circular dichroism

The effect of varying the pH in the range 7.0 to 3.1 and
temperature from 5 to 90 °C on the t-RNA conformation was
studied using circular dichroism spectroscopy. The effect of pH
on the CD spectrum of t-RNA is depicted in Fig. 3A. The t-RNA
Fig. 3. (A) pH and (B) temperature dependent change of CD spectrum of t-
RNA. Curves (1–11) in (A) denote pH values of 7.00, 6.41, 5.50, 5.16, 4.85,
4.78, 4.60, 4.30, 3.97, 3.59, and 3.10 and in (B) denote temperature of 5, 13,
17.8, 22.8, 28.4, 34.9, 46.2, 56.7, 63.2, 75.15, and 89.8 °C respectively in
CP buffer. Inset: Variation of molar ellipticity [θ] of the 269 nm band with
pH and temperature. The arrows indicate the direction of pH and
temperature change.

Fig. 4. (A) Representative optical thermal melting profile of t-RNA (174 μM)
and (B) DSC thermogram of t-RNA (2 mM) in CP buffer of pH 7.0. The
continuous line in the top panel represents the differential curve to the melting
profile. Deconvolution of the recorded DSC thermogram (bottom panel) was
carried out fitting using a function of three Gauss curves (dotted lines) The
cumulative Gauss curve (dashed line) describes the experimental curve
satisfactorily.
CD spectrum at the physiological pH showed typical A-form
RNA conformation having a large positive band around
269 nm and a small trough around 235 nm and is in agree-
ment to that reported by other workers [22,41]. On lowering
the pH, there were significant perturbations in the CD spec-
trum, being manifested by small bathochromic shifts and
large hypochromic effects in the 269 nm band. At pH 3.1, the
CD spectrum of the t-RNA has a CD maximum around
272 nm but with almost one third of the ellipticity at neutral
pH. On raising the pH, the ellipticity regained and it was
observed that at pH 7.0 the t-RNA CD spectrum was almost
superimposed with the native spectrum indicating more or
less a complete reversal of the pH dependent conformational
changes. A plot of the change in the ellipticity of the 269 nm
band versus pH is depicted in the inset of Fig. 3A.

The effect of temperature on the CD spectrum of t-RNA is
presented in Fig. 3B. Almost similar change like that observed
on pH variation was observed here also up to a temperature of
90 °C indicating disruption of ordered structure of t-RNA. On
renaturation, the RNA almost attained the original structure as
reveled by the complete reversal of the CD spectrum. The
variation of the ellipticity of the 269 nm band with temperature
is given in the inset of Fig. 3B.



Table 1
Apparent thermal transition temperatures (Tm) and estimated heat values of the
individual calorimetric transitions of denaturation of t-RNAa

Parameters Transition 1 Transition 2 Transition 3

Tm (°C) 37.0±0.2 49.3±0.2 64.0±0.3
ΔHcal

b (cal/mol) 166.4±4.2 457.7±11.7 339.2±8.2
ΔHv

c (kcal/mol) 85.1±1.1 44.1±0.8 45.7±0.5
aAverage of two determinations in CP buffer containing 0.5 mM Na2HPO4,
pH 7.0. bCalorimetric enthalpy. cvan't Hoff enthalpy.

Fig. 5. Jobs plot for (A) berberine (B) palmatine and (C) ethidiumbinding to t-RNA
in CP buffer of pH 7.0 at 25 °C. The different fluorescence intensity at 530 nm for
berberine and palmatine and at 605 nm for ethidium was plotted against the mole
fraction of the drug added.
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3.2. UV thermal melting

Fig. 4A shows the optical thermalmelting profile of the t-RNA
in the temperature range 10–100 °C. It can be seen that the
melting curve exhibited a broad but cooperative transition
spanning over a temperature of about 50 °C with a hyper-
chromicity change of about 15%. From the differential plot an
average Tm value of 48±1 °C was observed. Using this Tm
value, a van't Hoff enthalpy of 19.8 kcal/mole was calculated
for the unfolding of the t-RNA. The melting studies of t-RNA
at different [Na+] ion concentrations between 1 and 50 mM
(not shown) revealed that the average melting temperatures
increased as the [Na+] increased without any significant
change in the overall nature of the transition or hyperchro-
micty and at 50 mM [Na+] the Tm of the RNAwas 56±1 °C. It
follows from the optical thermal melting experiments that the
t-RNA structure retains the native cloverleaf structure that
underwent heat denaturation and it appears that no prior
disruption of the structure had occurred under the conditions
of our study. The melting curve was almost superimposable
when the sample was slowly cooled to 10 °C and a second
thermal denaturation experiment was performed on the sample
(not shown).

3.3. Differential scanning calorimetry

Differential scanning calorimetric (DSC) melting of the t-RNA
sample in the temperature range 10–100 °C was studied to
further understand the nature of the thermal unfolding and
complexity, if any, in the denaturation pattern under the
condition of our experiments. The DSC thermogram (Fig. 4B)
represents a broad and asymmetric endothermic transition
with a maximum at ∼50 °C with two shoulders. The maxima
of the three deconvoluted DSC bands when considering three
transitions were at 37.0±0.2 °C, 49.3±0.7 °C and 64.0±
0.3 °C respectively. We have observed that increasing [Na+]
concentration from 1 to 50 mM gave similar results with three
transitions, but the Tm values of the second and third
transitions shifted to higher temperatures. For the first
transition no shift was observed (Tm=37.0±0.2 °C). On the
contrary, a large shift for the second transition (Tm from 49.3±
0.7 °C to 60.5±0.3 °C) and third transition (Tm from 64.0±
0.3 °C to 76.6±0.4 °C) were observed (not shown). The
thermal melting temperatures and the associated van't Hoff
and calorimetric enthalpy of these individual transitions are
depicted in Table 1.
3.4. Binding stoichiometry

The binding stoichiometry and the possible number of
binding sites of berberine, palmatine and ethidium to t-RNA
were determined by continuous variation analysis (Job plots) in
fluorescence (Fig. 5A–C). The plots of difference fluorescence
intensity at 530 nm for berberine and palmatine and at 605 nm
for ethidium versus the mole fraction of the ligand revealed a
single binding mode for the binding of the alkaloids and
ethidium on t-RNA. From the inflection points at χligand=0.11,
0.09 and 0.18 for berberine, palmatine and ethidium, the
number of nucleotides per one ligand can be estimated as 8.1,
10.1 and 4.6 respectively.

3.5. Spectrophotometric studies

Binding of berberine, palmatine to t-RNA was studied by
more rigorous spectrophotometric titration and was compared



Table 2
Summary of the optical properties of free and bound ligandsa

Berberine Palmatine Ethidium
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with the binding of ethidium under identical condition. In
Fig. 6, the spectrophotometric titrations of a fixed concentration
of these compounds with increasing concentration of t-RNA are
Absorbance
λmax (free) 344 345 480
λmax (bound) 348 348 505
λiso
b 360, 379, 454 360, 379, 454 515

εf (at λmax) 22,500 (344) 25,000 (345) 5680
εb (at λmax) 14,030 (348) 16,317 (346) 3635

Fluorescence
λmax (ex) 350 350 510
λmax (em) 530 530 605
Fb/Fo 42.64 29.78 15.13

aUnits: λ nm; ε (molar extinction coefficient) M−1 cm−1; bWavelengths at the
isosbestic point.

Fig. 6. Representative absorbance spectra of (A) berberine (6.04 μM) treated
with 0, 26.60, 53.20, 79.80, 106.40, 133.00, 159.60, 186.20, 212.80, and
239.40 μM (curves 1–10) (B) palmatine (5.44 μM) treated with 0, 21.89, 43.78,
65.67, 87.56, 109.45, 131.34, 153.23, 175.12, 197.01, and 218.90 μM (curves
1–11) and (C) ethidium (21.47 μM) treated with 0, 26.35, 52.70, 79.06, 105.41,
131.76, 158.12, 184.47, 210.82, and 237.18 μM (curves 1–10) of t-RNA. All
experiments were performed at 25 °C in CP buffer of pH 7.0. Inset:
representative Scatchard plot of each complexation. The solid lines represent
the non-linear least square best-fit of the experimental points to the neighbor
exclusion model [48] obtained using the software Scatplot [49]. The best-fit data
are in the range of 30–35% (lower limit) and 85–90% (upper limit). Values of Ki

(intrinsic binding constant) and n (number of excluded sites) are presented in
Table 2.
presented. Binding to t-RNA resulted in significant changes in
the absorption spectra of these compounds. Hypochromic and
bathochromic effects with sharp isosbestic points were obtained
in all the cases indicating an effective overlap of the π electron
cloud of the alkaloids and ethidium with the base pairs of t-
RNA. While with the alkaloids (Fig. 6A and B) three isosbestic
points were observed at 360, 379 and 454 nm respectively, the
ethidium titration (Fig. 6C) was characterized by one single
isosbestic point at 515 nm. The optical properties of berberine,
palmatine and ethidium, and that of their complexes with t-RNA
are depicted in Table 2.

3.6. Spectrofluorimetric studies

Berberine and palmatine are weak fluorescent compounds
while ethidium is a strong fluorophore. Both the alkaloids have
fluorescence emission spectra in the 450–550 nm range when
excited at 350 nm while ethidium has a fluorescence maximum
at 605 nm when excited at 510 nm. Binding to DNA is known to
remarkably enhance the fluorescence of all these compounds
[35]. Binding to t-RNA also resulted in increase of the
fluorescence of all the three compounds (not shown) eventually
leading to saturation. The enhancement of fluorescence
intensity on complexation was similar in the alkaloids, but
more pronounced in the case of ethidium. Large fluorescence
enhancement in each case is indicative of strong association of
these molecules to t-RNA structure and also proposing the
location of the bound molecules in hydrophobic environment.

3.7. Binding parameters

The result of spectrophotometric and spectrofluorimetric
titrations were expressed in the form of Scatchard plots of r/Cf

versus r. The binding constants and the number of excluded sites
for the interaction of these compounds to t-RNAwere estimated
from Scatchard plots. The binding isotherm in each case was
non-linear and concave upwards, indicating a non-cooperative
binding process. The Scatchard plots in each case derived from
spectrophotometric studies and the non-linear least square
fittings using the McGhee-von Hippel analyses are presented
in the inset of Fig. 6. The quantitative binding parameters of
berberine, palmatine and ethidium binding to t-RNA derived



Table 3
Binding parameters of t-RNA complexation with berberine, palmatine and
ethidium obtained from spectrophotometric and spectrofluorimetric studya

Compound Spectrophotometry Spectrofluorimetry

Ki/10
5 (M−1) n Ki/10

5 (M−1) n

Berberine 1.15±0.20 12.50±0.30 0.95±0.20 16.50±0.20
Palmatine 1.05±0.30 14.50±0.30 0.90 ± 0.15 17.50±0.25
Ethidium 1.38±0.30 4.60±0.20 1.20±0.27 7.40±0.30
aAverage of four determinations. Binding constants (Ki) and the number of
occluded sites (n) refer to solution conditions of CP buffer containing 0.5 mM
Na2HPO4, pH 7.0 at 25 °C.

Fig. 7. (A) Log–log plot of intrinsic binding constant Ki as a function of ionic
strength [Na+] for berberine (●–●), palmatine (□–□) and ethidium (▵–▵)
binding to t-RNA obtained from spectrophotometry in CP buffer pH 7.0 at
25 °C. The solid lines represent the best-fit to the experimental points (B)
Polyelectrolyte (ΔGpe) and non-electrostatic (ΔGt) contribution to the binding
free energy of berberine, palmatine and ethidium. The bar graph shows the
contribution ofΔGpe (hatched area) andΔGt (grey area) to the total binding free
energy.

Table 4
Energetics of binding of berberine, palmatine and ethidium to t-RNAa

Compound Ki/10
5

(M−1)
−ΔGo

obsd −δ log Ki/δlog
[Na+]

−ΔGt (kcal/
mol)

−ΔGpe

(kcal/mol)

Berberine 1.15±0.20 6.89 0.24 5.91 0.98
Palmatine 1.05±0.30 6.84 0.34 5.45 1.39
Ethidium 1.38±0.30 7.00 0.14 6.43 0.57
aBinding constants (Ki) and standard free energy changes refer to solution
conditions of CP buffer containing 0.5 mM Na2HPO4, pH 7.0 at 25 °C. The
parameters are as defined in the text. The free energy change was deduced from
the difference (ΔGt)=ΔGo

obsd−ΔGpe. The error in ΔGpe is around 0.06 kcal/
mol and the propagated error in ΔGt is about 0.3 kcal/mol.
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from these plots are collated in Table 3. The intrinsic binding
affinity of berberine to t-RNAwas (1.15±0.20)×105 M−1 while
that of palmatine has a value close at (1.05±0.30)×105 M−1.
The binding affinity of ethidium to t-RNA estimated from
similar analysis is marginally higher at (1.38±0.30)×105 M−1.
Similarly, from spectrofluorimetric analysis values close to that
obtained from spectrophotometry were obtained (Table 3). The
similar values of binding constant for palmatine and berberine
are indicative more or less similar affinity for these compounds
to t-RNA. The numbers of excluded sites on binding of a single
ligand molecule were found to be around 12, 14 and 5 and 16, 17
and 7 nucleotides respectively from spectrophotometric and
spectrofluorimetric analysis for berberine, palmatine and
ethidium.

3.8. Salt dependence of the binding

All the three compounds under investigation being positively
charged, the effect of salt on the binding was studied by
performing absorbance titration at five different salt conditions
viz.1, 5, 10, 20 and 50 mM [Na+] and the binding constants
were evaluated under these salt concentrations. It was observed
that the extent of hypochromic and bathochromic effects in the
absorption spectra in each case showed some decrease as the
ionic strength increased (not shown). In Fig. 7A, the variation of
log Ki with log [Na

+] in each case is presented that revealed that
the binding affinity falls by about 2.5 and 3.4 times respectively
in berberine and palmatine while in case of ethidium the fall was
lower and by about 1.7 times as the [Na+] concentration
increased from 1 to 50 mM. The slopes of these lines were
found to be 0.24, 0.34 and 0.14 for berberine, palmatine and
ethidium respectively. From the dependence of the binding
constant (Ki) on salt concentration, the observed free energy
(ΔGo

obsd) can be partitioned into two contributions similar to
that performed for many DNA binding ligands [52,53] namely,
the non-polyelectrolytic contribution (ΔGt) and the polyelec-
trolytic contribution (ΔGpe)

DGo
obsd ¼ −RT lnK ¼ ðDGtÞ þ ðDGpeÞ: ð10Þ

The polyelectrolytic contribution at any given [Na+] may be
calculated from the experimentally determined quantity
((δlnK/δln[Na+])=SK). Record and coworkers [54] have
shown that ΔGpe =−(SK)RTln[MX], where MX is the
monovalent salt concentration. The magnitude of ΔGpe is the
free energy contribution arising from coupled polyelectrolytic
forces particularly that from the release of condensed counter
ions from the RNA helix upon binding of charged ligands. The
free energy of binding of berberine, palmatine and ethidium to
t-RNA and the polyelectrolytic and the non-polyelectrolytic
contribution to the same were calculated and presented in
Table 4. Fig. 7B shows a graphical representation of the
contribution of ΔGt and ΔGpe to the overall binding free



Fig. 8. ITC profile for the binding of berberine, (A and D) palmatine (B and E), and ethidium (C and F) to t-RNA at 25 °C in CP buffer of pH 7.0. The top panels (A, B
and C) represent the raw data for sequential injection of t-RNA into the ligands (curves on the bottom) and t-RNA dilution control (curves offset for clarity). The
bottom panels (D, E and F) show the integrated heat data after correction of the heat of dilution of RNA against the molar ratio of each drug to t-RNA. The data (open
squares) were fitted to a one-site model and the solid lines represent the best-fit of the data.

Table 5
ITC derived thermodynamic profiles for the binding of berberine, palmatine and
ethidium to yeast t-RNA at 25 °Ca

Parameters Berberine Palmatine Ethidium

Kb /10
5 (M−1) 1.29±0.27 1.26±0.29 1.32±0.32

N 0.11 0.09 0.25
ΔGo (kcal/mol) −6.97 −6.95 −6.98
ΔHo (kcal/mol) −3.88 −4.47 −5.44
ΔSo (cal/mol/K) 10.37 8.33 5.17

aAll the data in this table are derived from ITC experiments conducted in CP
buffer, pH 7.0. Kb and ΔHo values were determined from fits of the ITC
profiles, with indicated errors reflecting standard deviations of the experimental
data from the fitted curves. The values of ΔGo were determined using the
equation ΔGo=−(RT lnKb). The values ofΔSo were determined using equation
ΔGo=ΔHo−TΔSo.
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energy of berberine, palmatine and ethidium. It can be seen
from the table and the figure that in all the three cases there is
remarkably large magnitude from the non-electrostatic forces
to the binding free energy.

3.9. Viscosity

Intercalation of various ligands between the base pairs of
natural and synthetic DNAs as well as synthetic RNA
polynucleotides has been shown to result in increase in
viscosity arising from increased lengthening and stiffening of
the chain [9,55]. Although t-RNA is not a rod like molecule, we
investigated whether the effect of binding of these molecules
has any effect on the intrinsic viscosity. The results (not shown)
revealed that the binding of all the three compounds had
profound effect on the intrinsic viscosity of t-RNA although the
net increase was larger and the change steeper in case with
ethidium.

3.10. Isothermal titration calorimetry

Isothermal titration calorimetry (ITC) has become an
important tool for direct and reliable measure of the
thermodynamic parameters of interaction of small molecules
to biopolymers [56]. Since ITC measures heat exchange, it
provides a reliable tool independent of the spectroscopic
changes that occur in the reaction. Initially, the ITC experiments
performed with alkaloid injection to t-RNA in the calorimetric
cell revealed complex thermograms with no constant heat
evolved at any point. Further, the large heats of dilution of the
drugs have resulted in huge errors in the estimation of the
thermodynamic parameters from the procedure employed.
Furthermore, the use of simpler models to fit the thermograms
resulted in extremely larger chi-square values that were unac-
ceptable. Since, the stoichiometry of the binding was indepen-
dently estimated by Job plots we choose to perform the reverse
titration, keeping a constant concentration of the ligand in the
calorimeter cell and progressively injecting t-RNA from the
syringe. The ITC profiles for the binding of berberine,
palmatine and ethidium to t-RNA shown in Fig. 8A, B and C
displayed that the binding was exothermic in each case resulting
in negative peaks in the plots of power versus time. The upper
panels in the figure indicate representatively the raw ITC curves
resulting from the injections of t-RNA into the solutions of these
compounds. Each of the heat burst curves in the figure
corresponds to a single injection. These injection heats were
corrected by subtracting the corresponding dilution heats
derived from the injection of identical amounts of RNA into
buffer alone. The resulting corrected heat plotted as a function
of molar ratio is depicted in the lower panel. The data points
reflect the experimental injection heats while the solid lines
reflect the calculated fits of the data. The injection heat data in
all the three cases were fitted to a single set of identical sites
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model and the model employed was the one yielding a
reasonable fitting of the experimental data. The thermodynamic
parameters for the binding of berberine, palmatine and ethidium
obtained at 25 °C are summarized in Table 5. In case of
berberine (Fig. 7A and D), the ITC data yielded an association
constant (Kb) of (1.29±0.27)×10

5 M−1, a ΔHo of −3.88 kcal/
mol, ΔSo =10.37 cal/mol/K and a binding site size (1/N) of
about 9 nucleotides while the values for palmatine binding
(Fig. 7B and E) were (Kb) of (1.26±0.29)×10

5 M−1, a ΔHo of
−4.47 kcal/mol, ΔSo =8.33 cal/mol/K and a binding site size of
about 11 nucleotides. The ITC data of ethidium to t-RNA
complexation (Fig. 7C and F) yielded a Kb of (1.32±
0.31)×105 M−1, a ΔHo =−5.44 kcal/mol, a ΔSo of 5.17 cal/
mol/K and a binding site size of 4 nucleotides.

4. Discussion

t-RNAs are polyribonucleotides with about eighty nucleotide
units arranged in the shape of a cloverleaf (Fig. 1). They exhibit
a diversity of well characterized secondary and tertiary
structural features. t-RNAs contain four stem region and three
loop regions. In the three-dimensional structure, the acceptor T-
stem forms a continuous RNA double helix while the D-stem
and the anticodon stem are stacked upon each other to form
another double helix [57]. Although only about forty bases are
involved in Watson-Crick base pairing in t-RNA, large part of
the structure contain stacked base pairs. The primary aim of this
study was to understand the t-RNA binding features of two
novel natural alkaloids, berberine and palmatine that are known
to exhibit myriad biological properties [27–34] and have
remarkable DNA binding activities [35–40]. Further, not much
is known on the RNA binding of these alkaloids except that
berberine and palmatine were shown to bind with remarkable
affinity to poly(A)[22–25] and very weakly to theWatson-Crick
base paired A-form of poly(rC).poly(rG) [9].

From the results presented here it is clear that both the
alkaloids bind well to the complex structure of t-RNA, which
is being compared directly with the binding of the classical
DNA intercalator ethidium. Initially, we sought to characterize
the temperature and pH dependent transitions in t-RNA that
confirmed that the native cloverleaf structure of the t-RNA is
retained under the conditions of our study. It may be noted
that numerous studies have emphasized the role of Mg2+ in
the stabilization of the structural elements of t-RNA and it is
now generally agreed that the presence of divalent cations like
Mg2+ was absolutely required for proper folding and native-
ness of the t-RNA [[58–62] and references therein]. At the
same time it is likely that some folded structure could persist
in the absence of Mg2+, but at high [Na+] conditions. In our
studies no Mg2+ was present and under this condition, the
cloverleaf structure of t-RNA appears to be maintained. pH
dependent studies indicate that t-RNA undergoes protonation
induced acid denaturation that was reversible as seen from the
total recovery of the CD pattern on raising the pH back to 7.0.
Previous studies have suggested moderate conformational
change and likely protonation of adenines and cytosines to
occur in acidic conditions, but no specific conclusions were
suggested except that the stability of the t-RNAwas influenced in
the protonated conditions [63,64]. The results of the circular
dichroic studies performed at low salt conditions here, suggest
protonation induced denaturation of t-RNA, but the initial
structure is more or less regained on reversing the solution pH
to neutral condition. t-RNA also undergoes heat denaturation and
renaturation, but no indication of any fine structure was revealed
from the circular dichroic spectra. Again, the optical melting
curve also could not reveal any complexity in the t-RNAmelting.
However, we have observed that three melting transitions in the
DSC thermogram, amajor unfolding and two satellite meltings on
either side of the major transition. Similar behaviour to that
observed here has been reported by other investigators at higher
[Na+] concentrations in t-RNA and also using NMR in the
thermal unfolding of t-RNA and has been interpreted as the initial
melting of the acceptor and anticodon stems followed by the TψC
stem [65–67]. It may be noted that compared to the DSC profile,
the spectroscopic changes viz. the optical melting profile and the
CDmelting were less informative in that only hyperchromicity or
ellipticity variations were apparent. The average melting
transition in optical UV melting, however, corresponds to the
major DSC transition (Tm around 50 °C). In our studies we have
chosen to retain low salt [Na+] concentration assuming that the
binding of these charged alkaloids may be remarkably influenced
by the presence of divalent cations. In our hands, the CD spectral
results indicated that pH and temperature variation denatured the
t-RNA structure but the transition was more or less reversible
and the RNA folds back to the native cloverleaf structure on
reversing the temperature and the pH. Similarly, the optical
thermal melting studies and the DSC scans were reproducible on
rescan of the cooled sample underscoring the reversibility of the
conformation of the t-RNA under the condition of our
investigation. Nevertheless, we observe that the ratio between
the calorimetric enthalpy (ΔHcal) and the van't Hoff enthalpy
(ΔHv) obtained for the thermal unfolding of t-RNA is not unity as
should have been the case for truly cooperative reversible
transitions, indicating that the melting of t-RNA may not be
exhibiting a simple two state unfolding behaviour. Although a
detailed molecular interpretation of this discrepancy is outside the
scope of the present paper, it is relevant to point out that such
discrepancies may also arise due to inaccuracies in the
determination of t-RNA concentrations. It may be noted from
the literature that widely different molar extinction coefficient
values in the range 103–105 have been employed by different
workers for the determination of the concentration of t-RNAphe.
In any case this discrepancy does not affect the interpretation of
the results of our binding studies of the alkaloids and ethidium to
the t-RNA structure as the binding studies have all been
performed at one temperature viz. 25 °C.

The strong binding of the two alkaloids palmatine and
berberine and ethidium to t-RNAwas revealed prima facie from
absorption spectral studies that indicated remarkable hypochro-
mic and bathochromic effects with clear isosbestic points in
each system. In many drug–nucleic acid systems, particularly in
studies with DNA, such features observed have been more often
thought in terms of intercalation between base pairs although
the results have been conclusively interpreted in combination
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with hydrodynamic data. Nevertheless, similar changes ob-
served in all of the three drugs studied here indicated an intimate
and strong association of the alkaloids and ethidium to t-RNA
structure. We have observed a strong enhancement in the
fluorescence of these molecules on interaction with t-RNA.
The enhancement was comparable in case of both the alkaloids,
but was significantly higher in case of ethidium. This further
indicates that the bound molecules are similarly located in
regions of higher polarity, apparently deep inside the base pairs.
The analysis of the binding data both from spectrophotometric
and fluorimetric studies revealed that the alkaloids bind t-RNA
with slightly lower affinity compared to ethidium (Table 3).
The number of binding sites obtained by these analysis was in
good agreement with the stoichiometry estimated from the jobs
plot. The alkaloids are found to occupy more nucleotide bases
on t-RNA compared to ethidium the reason for which is not
very clear. Such higher numbers for occluded sites have been
observed for their binding to DNA also [36,39]. We have also
observed that the viscosity of the t-RNA molecules increased
more rapidly in the presence of ethidium and weakly in the
presence of both the alkaloids, and this result in combination
with competitive fluorescence quenching experiments (not
shown) again suggested a stronger binding of ethidium
molecules compared to the alkaloid molecules. Circular
dichroic studies (not shown) of t-RNA complexation with
berberine and palmatine revealed conformational change
manifested by the decrease of the molar ellipticity of the
269 nm band of t-RNA. While no induced CD was seen in the
complexation with the alkaloids, the appearance of large
induced positive CD band in the 320 nm region, the hallmark of
ethidium intercalation [68], was apparent with t-RNA. It is
pertinent to observe that ethidium is a planar molecule while
berberine and palmatine are buckled molecules that may
preclude them from binding between base pairs as classical
intercalators.

The analysis of the salt dependence of the binding free
energy of the interaction revealed interesting features. The
binding free energy has been observed to have remarkably large
contribution from the non-electrostatic free energy. The non-
electrostatic contribution to the overall free energy is similar in
all the three cases indicating that the binding in each case is
similarly stabilized to an equal extent by van der Walls stacking
and hydrophobic interactions. It may be noted that there are no
H-bonding centers in any of these compounds to contribute to
the non-electrostatic free energy. The polyelectrolytic contribu-
tion to the free energy in each case is less than 1 kcal/mol and is
significantly lower with ethidium.

The energetics of the interaction profiles of these molecules
was revealed from the isothermal titration calorimetric studies.
An interesting feature of the thermodynamic data (Table 5) is
that despite differences in the structure and planarity of the
molecules, there is little variation in apparent free energies. The
binding of the alkaloids was exothermic and driven by a
moderately favourable enthalpy decrease in combination with a
moderately favourable entropy increase. It is likely that the
alkaloid binding is associated by a variety of noncovalent
molecular interactions like intercalation of the chromophore
into the adjacent base pairs of t-RNA and van der Walls
interaction that contribute to the negative enthalpy change.
Further, it may be noted that the buckled structure of the
alkaloids due to the partial saturation in the polycondensate ring
system on binding/intercalation to t-RNA might lead to
considerable distortion in the t-RNA helix and relaxation of
the supercoiling that might in turn cause some disruption of
ordered water structure. In the case with ethidium, the binding is
driven by a large favourable enthalpy decrease. Previous reports
of binding of some small molecules on t-RNA have indicated
single binding events; for e.g. the interaction of Ru(II) complex
with yeast t-RNA studied by isothermal titration calorimetry
suggested the binding to be driven by a combination of enthalpy
and entropy leading to intercalation of the metal ions to t-RNA
while the intercalative binding of [Ru(phen)2PMIP]2+ was
driven by a moderately favourable enthalpy decrease in
combination with a moderately favourable entropy increase
[69]. On the other hand a complex binding phenomenon has
been reported from isothermal titration calorimetric studies of
aminoglycoside-rRNA recognition [70,71]. The binding affin-
ity determined from ITC studies reveals a slightly higher value
for ethidium to t-RNA compared to the alkaloids, a trend that
has been revealed from spectroscopic studies as well. It is
noteworthy that absolute values are in excellent agreement with
the spectroscopic data. Further, the apparent stoichiometry (N)
values estimated from ITC are in good agreement with the
values obtained from Jobs plot. The reciprocal values of (1/N)
viz. 9, 11 and 4 obtained from ITC for berberine, palmatine and
ethidium were also are in reasonable agreement with the
exclusion site values from spectroscopic data although the
absolute magnitudes and direct correlation of them may be
viewed with caution as suggested by Cooper and coworkers
[72].

It is perhaps pertinent to observe that several earlier
biophysical and NMR studies of t-RNA with ethidium have
suggested intercalation mode [73–77]. Contrary to this the
subsequent crystal structure data suggested no evidence for
intercalation [78]; instead the ethidium has been suggested to be
located stacked over the base pairs isolated from the solvent.
The observed binding reported from spectroscopic studies was
characterized by electrostatic, H-bonding interactions. But more
recent 19F and 1H NMR spectroscopic studies [79] of t-RNAs
labeled with fluorine with ethidium advanced the view of
ethidium intercalation into the acceptor stem of t-RNAval with
no sequence selectivity. Our studies also lend support to the
intercalative binding of ethidium on t-RNA being driven by the
initial electrostatic interaction between the negatively charged
phosphate oxygen and the positively charged phenanthrinic
ring. The binding data for berberine and palmatine to t-RNA
were close and similar to that with ethidium indicating similar
binding mechanisms, but since the alkaloids are buckled, they
may not be inserted fully like ethidium and this would probably
be the reason for their observed lower affinities.

It is important to note that in comparison to the binding
affinities of these alkaloids to DNA reported earlier [22–27] the
values obtained for t-RNA appear to be nearly an order lower.
Nevertheless, it is very significant to observe that these natural
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alkaloids show considerable affinity to complex t-RNA structure
in the context of the suggestions from ongoing research that has
proposed diverse pharmacological potencies for protoberberines.
Therefore it is not unlikely that apart from the stronger DNA
binding, the apparently close t-RNA binding affinity also may
play significant role in the molecular action of these alkaloids. A
complete elucidation of the molecular basis of various biological
actions of protoberberines thus must await further investigations.
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