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Abstract—Polymorphic RNA conformations may serve as potential targets for structure specific antiviral agents. As an initial step
in the development of such drugs, the interaction of a wide variety of compounds which are characterized to bind to DNA through
classical or partial intercalation or by mechanism of groove binding, with the A-form and the protonated form of poly(rC)Æpoly(rG),
been evaluated by multifaceted spectroscopic and viscometric techniques. Results of this study suggest that (i) ethidium intercalates
to the A-form of RNA, but does not intercalate to the protonated form, (ii) methylene blue intercalates to the protonated form of
the RNA but does not intercalate to the A-form, (iii) actinomycin D does not bind to either conformations of the RNA, and (iv)
berberine binds to the protonated form by partial intercalation process, while its binding to the A-form is very weak. The DNA
groove binder distamycin A has much higher affinity to the protonated form of the RNA compared to the A-form and binds to
both structures by non-intercalative mechanism. We conclude that the binding affinity characteristics of these DNA binding mol-
ecules to the RNA conformations are vastly different and may serve as data for the development of RNA based antiviral drugs.
� 2005 Elsevier Ltd. All rights reserved.
1. Introduction

In recent years, there have been extensive studies on
elucidating factors that govern the affinity and specific-
ity of binding of many small molecules to DNA.1,2

This has led to the discovery of a series of molecules
that bind to DNA by different mechanisms and exert
their biological activities. Among the different types
of non-covalent DNA interacting small molecules,
intercalating and groove binding molecules are impor-
tant tools in molecular biology and many are clinically
useful in the treatment of cancer.3,4 Intercalators are
typically planar fused aromatic cations that slide be-
tween the base pairs of DNA and effectively fill the
space formed between base pairs when the helix is
locally elongated and partially unwound. Molecules
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that bind in the minor groove on the other hand con-
tain arc-shaped unfused aromatic systems with terminal
base functions. Intercalated molecules interact with
adjacent base pairs through van der Waals forces cou-
pled with electrostatic stabilization, while the groove
binding molecules form hydrogen bonds with base
pairs. Our present knowledge on the molecular nature
of these two common DNA binding modes is largely
derived from detailed X-ray crystallographic and
molecular modeling studies apart from extensive
NMR and physicochemical data.5–8 In contrast with
DNA, relatively scanty high resolution conformational
information on one hand and the complex structural
diversity on the other hand have hindered the develop-
ment of small molecules that can specifically target
RNA molecules. Nevertheless, ever since the knowl-
edge that several serious diseases are indeed caused
by RNA viruses and after the emergence of RNA
viruses like HIV, and Hepatitis C virus (HCV) partic-
ularly, there have been concerted efforts to develop
new antiviral compounds that can specifically bind to
RNA molecules.9 A rational design of RNA binding
compounds, however, requires a detailed understand-
ing of their mode and mechanism of action. RNAs
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are versatile molecules that can fold into diverse struc-
tures and conformations, and these structures can serve
as receptors for specific drug recognition sites.10,11

Studies so far have identified different classes of
RNA binding drugs. Among them, heterocyclic inter-
calating compounds, aromatic diamidines,12 aminogly-
coside antibiotics,13,14 etc., are the most important.
One approach in the development of RNA targeted
drugs has been to study the interaction of already
known DNA binding compounds that have been fairly
well characterized to gather information as to how they
can selectively recognize different RNA conformations.
One of the earliest approaches in this direction has
been that of Wilson and co-workers15–18 who per-
formed studies with a wide variety of DNA binding
compounds with synthetic RNA molecules and corre-
lated the RNA binding property of arylquinones and
its HIV activity. Binding of DNA intercalators like
ethidium,19,20 methylene blue,21,22 acridine orange,23,24

sanguinarine,25,26 berberine,27,28 quinoxaline deriva-
tives,29 and groove binding molecules like DAPI,17,30

Hoechst,31 berenil,32 etc., with few natural and syn-
thetic single, and double stranded RNA polymers were
also investigated. Studies of many of the DNA inter-
calating compounds were also investigated with
RNA triplexes as part of antigene strategy to target
specific molecules to control the gene expression.33

Our interest toward the goal of developing RNA bind-
ing molecules has been to enhance the fundamental
data base by studying the binding of some DNA inter-
calating and groove binding molecules with two con-
Figure 1. Chemical structures of ethidium, methylene blue, actinomycin D,
formations of the hitherto less investigated synthetic
RNA poly(rC)Æpoly(rG) in the A-form and the proton-
ated form. We have chosen ethidium bromide (EB),
methylene blue (MB), actinomycin D (AMD), berber-
ine (BER), and distamycin A (DA) as the ligands; the
structures of these molecules are given in Figure 1.
Structurally, the EB molecule is composed of the pla-
nar tricyclic phenanthridium ring and a secondary
phenyl group perpendicular to the primary ring sys-
tem. MB belongs to the phenothiazinium dye having
planar conjugated system, while AMD has a planar
phenoxazinone chromophore with two pentapeptide
lactones. BER with its partial saturation in one of
the rings is slightly buckled, while DA has an isoheli-
cal structure compatible to groove binding. EB, MB,
and AMD are characterized to bind DNA through
intercalative mode, while BER is a partial intercalator
and DA is a classical groove binding molecule.
Sequences of CG are important and have been found
to abundantly occur in the genome of several RNA
viruses. Structurally this RNA adopts an A-form con-
formation under physiological conditions that under-
goes conformational changes under the influence of
protonation.25 At pH 4.3 it adopts a protonated struc-
ture that is significantly different from the canonical
A-conformation. In this communication, we report
the binding characteristics of the above-described
DNA interacting compounds with the two aforesaid
structures of poly(rC)Æpoly(rG) in order to gain in-
sights into the binding aspects of these molecules to
RNA conformations.
berberine, and distamycin A.
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2. Results

2.1. Spectral characteristics of the A-form and protonated
form of poly(rC)Æpoly(rG)

The circular dichroic (CD) and absorption spectral char-
acteristics of the double stranded poly(rC)Æpoly(rG) in
the A-form and the protonated form are shown in Fig-
ure 2. At pH 7.0, the A-form structure of the RNA is
characterized by a typical CD spectrum with a peak
around 270 nm followed by a characteristic hump in
the 255 nm region and a large negative peak the around
210 nm region (curve 1). On protonation, the positive
peak ellipticity enhances and red shifts, while the hump
slowly disappears. The protonated structure of the poly-
mer at pH 4.3 has a CD spectrum (curve 2) with a higher
ellipticity for the positive peak. The two spectra exhibit-
ed two isodichroic points at 238 and 264 nm, and ob-
served in the series of spectra (not shown) undergoing
pH-dependent transition.25 The absorption spectral
characteristics of these two structures are presented in
the inset of Figure 2. At pH 7.0, the A-form structure
has absorption maximum at 259 nm (curve 1, inset),
while the protonated form exhibited peak at the same
wavelength with lower molar extinction coefficient
(curve 2, inset). A single sharp isosbestic point observed
around 280 nm indicates the equilibrium between the
two structural forms. This result is in conformity with
our earlier observation.25 It was also observed that both
the UV and CD changes were completely reversible
when the protonated polymer was transferred to neutral
pH indicating the duplex nature of the protonated
structure.
Figure 2. CD spectra of A-form (curve 1) and protonated form (curve

2) of poly(rC)Æpoly(rG) (45 lM) in 10 mM CP buffer, pH 7.0, and 4.3

at 20 �C, respectively. Inset: UV spectra of A-form (curve 1) and

protonated form (curve 2) of 40.3 lM poly(rC)Æpoly(rG) under

identical conditions.
Temperature dependent thermal melting studies on both
A-form and protonated form indicated that the struc-
tures are thermally stable up to 99.5 �C and no strand
separation was observed (not shown). Similarly in circu-
lar dichroic studies at different temperature, no confor-
mational changes in the protonated structure were
observed up to 50 �C.

2.2. Absorption spectral study

The effect of progressively increasing the concentration
of A-form and protonated form of poly(rC)Æpoly(rG)
on the absorption spectra of various ligands is presented
in Figure 3. The characteristic hypochromism and
bathochromism, and also sharp isosbestic points indi-
cated clearly the equilibrium in binding phenomenon
in all the cases, except for the A-form RNA–DA com-
plex (Fig. 3G). The spectrum of EB in solution at both
pH is identical with an absorbance maximum at
480 nm. In presence of either conformation of the
RNA, hypochromicity changes and red shift of the
wavelength maximum are observed (Fig. 3A and B).
In the case A-form, a hypochromicity of about 48%
and a bathochromic shift of about 20 nm were observed
at the saturation P/D (nucleotide phosphate/drug molar
ratio) of 24 with a sharp isosbestic point at 519 nm,
while with the protonated form there were significantly
large differences in both the hypochromism, bathochro-
mism and the location of the isosbestic point at the sat-
uration P/D of 48. The protonated form effected a
hypochromic change of about 65% with a red shift of
the wavelength maximum by 39 nm with the isosbestic
point being centered around 522 nm.

The absorption spectral titration of MB with the two
forms of the RNA is presented in Figure 3C and D.
MB has an absorption spectrum with a wavelength max-
imum at 664 nm and is invariant with pH. Titration with
the A-form polymer induces hypochromic effects and
bathochromic shifts (Dk = 5.5 nm) with the presence of
an isosbestic point around 684 nm. With the protonated
structure, MB spectra showed significantly larger hypo-
chromic effects but lower bathochromic effects (Table 1).

BER, on the other hand, has two wavelength maxima in
the visible region with a strong absorbance band with
wavelength maximum around 344 nm and a weak but
broad band around 420 nm. Berberine also does not
exhibit any pH dependent absorbance changes in the
pH range studied here. Both A-form and the protonated
form of the RNA induced moderate hypochromic
change and bathochromic shifts in the 344 nm and
420 nm peaks of the alkaloid with three characteristic
isosbestic points centered around 357, 382, and
448 nm, respectively (Fig. 3E and F). But in this system
also the wavelength shift and the percentage hypo-
chromicity change at saturation were higher at 42% with
the protonated form compared to the A-form at 33%.

DA has a single absorption peak around 303 nm that
underwent continuous decrease on binding to the A-
form with no saturation effects, while with the protonat-
ed form a hypochromic and bathochromic effect of the



Figure 3. Representative absorption spectra in 10 mM CP buffer of (A) EB (17.70 lM) treated with 0, 47.26, 94.87, 141.60, 188.51, 235.23, 282.67,

325.86, 374.00, and 420.02 lM (curves 1–10) of A form of poly(rC)Æpoly(rG); (B) EB (17.50 lM) treated with 0, 87.38, 173.64, 259.64, 345.09, 430.01,

514.39, 598.24, 681.57, 764.38, and 846.68 lM (curves 1–11) of protonated form of poly(rC)Æpoly(rG); (C) MB (4.32 lM) treated with 0, 42.17, 84.00,

125.50, 156.33, 187.15, 227.83, 268.22, and 288.29 lM (curves 1–9) of A form of poly(rC)Æpoly(rG); (D) MB (4.44 lM) treated with 0, 8.88, 16.27,

26.64, 32.49, 48.66, 65.19, 80.84, and 96.85 lM (curves 1–9) of protonated form of poly(rC)Æpoly(rG); (E) BER (7.33 lM) treated with 0, 204.68,

406.9, 672.9, 1046.16, 1446.42, 1820.02, 2064.40, and 2305.15 lM (curves 1–9) of A form of poly(rC)Æpoly(rG); (F) BER (7.20 lM) treated with 0,

69.47, 138.67, 207.50, 276.24, 310.43, 344.62, 412.73, and 480.58 lM (curves 1–9) of protonated form of poly(rC)Æpoly(rG); (G) DA (3.43 lM) treated

with 0, 36.98, 73.82, 110.51, 147.05, 183.45, 219.71, and 253.50 lM (curves 1–8) of A-form poly(rC)Æpoly(rG) (H) DA (3.40 lM) treated with 0, 23.35,

46.59, 69.71, 92.69, 115.64, 138.44, 161.13, 183.71, and 206.19 lM (curves 1–10) of protonated form of poly(rC)Æpoly(rG). All experiments were

performed at 20 �C in, respective buffers. 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 obtained using the computer programme SCATPLOT.35 The best-fit data

are in the range of 30% (lower limit) and 90% (upper limit). Values of �K� and �n� are presented in Table 3.
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Table 1. Absorption and emission maxima and molar extinction coefficients of the drugs employed in this study

Compounds Absorption max k (nm) Emission max k (nm) e (M�1 cm�1) Reference

Ethidium (EB) 480 605 5680 54

Actinomycin D (AMD) 440 470 25,200 56

Methylene blue (MB) 664 685 76,000 22

Berberine (BER) 344 530 22,500 66

Distamycin A (DA) 303 nf 37,000 71

nf: non-fluorescent.
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peak was observed with a sharp isosbestic point at
342 nm (Fig. 3G and H). The characteristic features of
the wavelength maximum for each of these molecules
and the data on their hypochromic and bathochromic
behavior in the presence of either form of the RNA
are presented in Table 2.

AMD has an absorption spectrum in the range 300–
600 nm with a single wavelength maximum around
440 nm, the intensity of which decreased linearly with
increasing concentration of both forms of RNA without
achieving any saturation. No bathochromic effect or
isosbestic points were observed in the series of spectra
(not shown).

The presence of isosbestic points in the spectral titration
enabled the calculation of the binding affinity of these
molecules from absorption spectral changes in all cases,
except for AMD and DA–A-form systems. The results
of absorption spectral titration were converted to Scat-
chard plots (inset of Fig. 3). The binding isotherm in
each case is non-linear and concave upward, suggesting
Table 2. Absorption spectral characteristics of various ligand interaction wi

Compounds A-form

kinitial kfinal Dk Isosbestic points % Hypochromic

EB 480 500 20 519 48

AMD 440 440 nil nil ns

MB 664 670 6 684 43

BER 344 347 3 357, 382, 448 33

DA 303 303 nil nil ns

ns: saturation could not be attained in these cases.

Table 3. Binding parameters for the interaction of EB, MB, BER, and DA

spectrophotometric and spectrofluorimetric analysisa

Compound Spectrophotometry

A-formb Protonated form

K ·104 n K · 104 n

EB 12.0 5.8 5 1

MB 10.0 23 70

BER 0.8 70 12 2

DA ns — 28 2

ns: saturation could not be attained in these cases.

nd as the sample is non-fluorescent.
a Average of four determinations in each case.
b In 10 mM citrate–phosphate buffer, pH 7.0.
c In 10 mM citrate–phosphate buffer, pH 4.3.
the involvement of more than one type of binding site.
Since we found no sign of sigmoidal behavior for the
occurrence of cooperativity in our systems, we analyzed
the data according to the neighbor exclusion model34

using the SCATPLOT program35 for non-cooperative
binding phenomenon to fit our experimental data. Such
a model has been observed to adequately fit our experi-
mental data within the region of Scatchard plots corre-
sponding to the range of 30% (lower) and 90% (upper)
of each A-form and protonated form structure. The
binding parameters of these compounds to the two
forms of RNA are presented in Table 3. The data clearly
reveal that the binding affinity of EB to A-form of the
RNA is higher, while the affinity of MB to the proton-
ated form is much higher in comparison with the A-
form. The binding affinity of BER to the protonated
form is higher compared to the same with the A-form,
while DA also binds to the protonated form with higher
affinity. Binding affinity of AMD to both the forms of
RNA and DA to the A-form structure could not be
ascertained due to the non-equilibrium in the binding
process.
th A-form and protonated form of poly(rC)Æpoly(rG)a

Protonated form

ity kinitial kfinal Dk Isosbestic points % Hypochromicity

480 519 39 522 65

440 440 nil nil ns

664 664 nil 698 67

344 350 6 357, 382, 448 42

303 313 10 342 52

with A-form and protonated from of poly(rC)Æpoly(rG) obtained form

Spectrofluorimetry

c A-form Protonated form

K · 104 n K · 104 n

7 11.0 6.5 3.2 26

5.8 9.0 23.5 52 10

1 ns — 20 17

5 nd — nd —



Figure 4. Representative steady state fluorescence emission spectrum in 10 mM CP buffer of (A) EB (9.65 lM, curve 1) treated with 18.15, 36.22,

54.22, 72.15, 90.01, 107.80, 125.52, 143.16, 160.74, and 178.25 lM (curves 2–11) of A form of poly(rC)Æpoly(rG); (B) EB (9.57 lM, curve 1) treated

with 49.63, 99.25, 148.88, 210.91, 285.35, 359.79, 434.23, 508.67, 583.11, and 657.55 lM (curves 2–11) of protonated form of poly(rC)Æpoly(rG); (C)

AMD (0.95 lM, curve 1) treated with 6.53, 13.04, 19.52, 25.97, 32.40, 38.81, 45.19, 51.54, 57.87, and 64.17 lM (curves 2–11) of A-form of

poly(rC)Æpoly(rG); (D) AMD (0.95 lM, curve 1) treated with 6.55, 13.09, 19.64, 26.18, 32.73, 39.27, 45.82, 52.36, 58.91, and 65.45 lM (curves 2–11)

of protonated form of poly(rC)Æpoly(rG); (E) MB (4.78 lM, curve 1) treated with 24.10, 48.13, 80.05, 119.78, 159.32, 198.65, 237.80, 276.65, 315.51,

354.08, and 392.46 lM (curves 2–12) of A form of poly(rC)Æpoly(rG); (F) MB (4.78 lM, curve 1) treated with 16.09, 40.23, 64.36, 96.55, 136.77,

185.05, 241.36, and 321.82 lM (curves 2–9) of protonated form of poly(rC)Æpoly(rG); (G) BER (9.80 lM, curve 1) treated with 53.64, 142.76, 231.52,

319.94, 408.01, 495.72, 617.94, 739.49, and 843.15 lM (curves 2–10) of A-form of poly(rC)Æpoly(rG); (H) BER (9.57 lM, curve 1) treated with 67.70,

108.20, 135.13, 175.46, 215.70, 242.41, and 269.20 lM (curves 2–8) of protonated form of poly(rC)Æpoly(rG). All experiments were done in 10 mMCP

buffer of pH 7.0 for A-form and pH 4.3 for protonated form at 20 �C. Inset: representative Scatchard plot of each complexation. The solid lines

represent the non-linear- least-squares best-fit of the experimental points to the neighbor exclusion model obtained using the computer program

SCATPLOT.35 The best-fit data are in the range of 30% (lower limit) and 90% (upper limit). Values of �K� and �n� are presented in Table 3.
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Figure 5. Plots of the relative quantum yield ///0 versus P/D for

interaction of EB (s–s); MB (h–h); BER (,-,) with A-form (A)

and protonated form (B) of poly(rC)Æpoly(rG).
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2.3. Fluorescence spectral study

The binding of the fluorescent compounds, EB, AMD,
MB, and BER, to the A-form and the protonated form
of poly(rC)Æpoly(rG) structures was studied by spectro-
fluorimetry. The result of such study is presented in Fig-
ure 4. EB has a very strong fluorescence spectrum in the
520–700 nm region with an emission maximum at
605 nm when excited at 510 nm. With increasing concen-
trations of either form of RNA, a progressive enhance-
ment of fluorescence intensity was observed until
saturation was reached (Fig. 4A and B). In both the
cases, a gradual blue shift in the emission peak maxi-
mum was observed as the binding progressed. At satura-
tion, the A-form RNA–EB complex had a slightly
higher fluorescence intensity but at a lower P/D ratio
compared to the protonated form–EB complex; but
the band maximum in both cases was located at around
595 nm.

AMD has a weak fluorescence in aqueous buffers with
an emission maximum around 470 nm when excited at
390 nm. Figures 4C and D show that with increasing
concentrations of either A-form or protonated form of
poly(rC)Æpoly(rG) no significant change in the fluores-
cent spectral patterns was observed.

MB has fluorescence emission in the 620–750 nm region
with emission maximum at 685 nm on excitation at
610 nm. It does not show any pH dependent fluorescence
properties. In presence of both the A-form and the pro-
tonated form of the RNA, progressive quenching of the
MB fluorescence was observed (Fig. 4E and F). Satura-
tion was achieved at a P/D of 82 in the MB–A-form fluo-
rescence, while in the case of MB-protonated form it was
achieved at a P/D of around 65. Complexation with both
structures blue shifted the emission maximum of MB
fluorescence by about 3 nm. Further, the residual fluo-
rescence of the saturated A-form–MB complex was sig-
nificantly higher than that of the protonated complex.

In aqueous buffers at both pH 7.0 and 4.3, BER has a
very weak fluorescence that gives an emission spectrum
in the region 450–650 nm with a maximum at 530 nm
when excited at 350 nm. Binding to both A-form and
the protonated form of the RNA polymer enhanced
the fluorescence intensity of berberine (Fig. 4G and H)
with negligible shift in the emission maximum. It can
be seen that the enhancement of fluorescence of binding
of BER was much higher with the protonated form com-
pared to the A-form, suggesting clear differences in the
nature of orientation or environment of bound BER
molecules on these structures.

The results of fluorescence titration data were also con-
verted to Scatchard plots that were further analyzed
according to an excluded site model34 using SCAT-
PLOT program35 for non-cooperative binding phenom-
enon to fit our experimental data. The binding isotherm
of each system obtained from the fluorimetric data is
illustrated in the inset of Figure 4. The data of �K� and
�n� obtained from the analysis of the Scatchard plots
are also presented in Table 3.
2.4. Quantum yield

The quantitative data on fluorescence quantum yield of
EB, MB, and BER complexes with the A-form and the
protonated form of poly(rC)Æpoly(rG) are depicted in
Figure 5A and B, respectively. It can be seen that with
the A-form, the relative quantum yield of EB enhances
and levels off at saturation. The ///0 for MB–A-form
decreases with increasing P/D values until saturation is
reached. On the other hand, with the protonated form,
the ///0 values of EB and BER increased with the P/
D, the latter to a larger extent until saturation was
achieved, while for MB, the decrease in ///0 value
was more pronounced (Fig. 5B) compared to the A-
form.

2.5. Fluorescence polarization anisotropy

Fluorescence polarization anisotropy (FPA) measure-
ments also provide evidences for the binding of these
molecules to the A-form and protonated form struc-
tures. It has been found that the fluorescence polariza-
tion upon binding of EB to the A-form of RNA
shows a value of 0.2 at saturation against a value of
0.03 for free EB under identical condition. A similar
FPA value is obtained for protonated form RNA–MB
complex. The FPA value of berberine complexation to
both the A-form and the protonated form of RNA
was significantly lower, indicating that BER has weak
binding to both the structures of the RNA.

2.6. Circular dichroism

Circular dichroic spectral studies of the A-form and pro-
tonated form of the RNA in the spectral region 210–
400 nm were employed to monitor the drug induced
conformational changes of the host nucleic acid struc-
ture. Figure 6 shows the intrinsic CD spectral changes
of the A-form and protonated form of the RNA on
the interaction with several ligands. The characteristic
A-form and protonated form spectra of poly(rC)Æpo-
ly(rG) undergo CD spectral changes in presence of each
of the ligands with either increase or decrease in molar



Figure 6. Representative CD spectra resulting from the interaction of various drugs with A-form (panels A, C, E, and G) and protonated form

(panels B, D, F, and H) of poly(rC)Æpoly(rG) (30.04 lM) in 10 mM CP buffer of pH 7.0 or 4.3 at 20 �C. Curves (1–9) in each complex denote 0, 3.00,

6.01, 9.01, 12.02, 15.02, 18.02, 21.03, and 24.03 lMEB (panels A and B), MB (panels C and D), BER (panels E and F), and DA (panels G and H) for

the complexation with A-form and with protonated form, respectively. The expressed molar ellipticity is based on the RNA concentration.
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ellipticity value with increasing concentrations of each
ligand shift of the band maximum of the 270 nm band
followed by further marginal changes. In case of EB,
the A-form spectrum (Fig. 6A) undergoes enhancement
in the 270 nm positive peak that eventually reached sat-
uration. Two isoelliptic points centered around 232 nm
and 254 nm characterize the interaction and this also im-
plies that a single type of drug complex is formed in this
system. Concomitant with the CD changes there was the
development of a strong induced CD band for the
bound EB molecules in the 320 nm region. On the other
hand, the changes with the protonated form showed an
initial red shift of the band maxima of the 270 nm band
followed by further marginal changes on further bind-
ing. But the negative band ellipticity showed reduction
in its intensity as the binding progressed. It is significant
to note that in this case no induced CD band was devel-
oped for the bound EB in the 320 nm region.

The CD spectral data on the interaction of MB with the
two forms of RNA are presented in Figure 6C and D.
With the A-form, there was a small decrease in the po-
sitive peak with the concomitant development of a small
negative induced CD in the 320 nm region for bound
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MB molecules. With the protonated form, there was an
initial red shift of the positive band maximum followed
by a decrease in the peak intensity on further binding of
MB molecules. A sharp negative extrinsic CD band also
is apparent here in the 300–330 nm region.

The binding of BER to the A-form resulted in only mar-
ginal changes in the CD spectra (Fig. 6E), while the pro-
tonated form showed a small red shift and further
enhancement in the intensity of the peak (Fig. 6F).

The CD spectral changes on the interaction of DA
with the two conformations of poly(rC)Æpoly(rG) are
depicted in Figure 6G and H, respectively. With the
A-form, a decrease in the peak ellipticity was apparent
with the concomitant formation of a negative extrinsic
CD band around 310 nm that increased in intensity as
the binding progressed. With the protonated form, the
CD changes showed gradual red shift and enhance-
ment in ellipticity with an isoelliptic point around
275 nm. The development of large negative CD in
the 310 nm for the bound DA molecules characterizes
the strong binding of DA to the protonated confor-
mation of the RNA.

The binding of AMD was also studied by similarly mon-
itoring circular dichroic changes. It was found that
AMD did not perturb the CD spectra of either form
of the RNA.

2.7. Viscometric titrations

The viscometric technique is a well-established method
for investigating the extension of DNA or RNA helix
associated with intercalation. The effect of these ligands
on the viscosity of linear rod-like RNA duplex in both A
and protonated forms was studied. The relative length
increase (L/Lo) against r was dependent on rmax of each
complex (not shown). The extent of length enhancement
of the A-form or protonated form of the RNA duplex
was estimated with respect to a standard value of
b = 2 corresponding to a length enhancement of
0.34 nm. The b values for EB-A-form poly(rC)Æpoly(rG)
and MB-protonated form poly(rC)Æpoly(rG) systems
showed values 1.95 and 1.86, respectively. Again, in case
of DA-protonated form system, considerable enhance-
ment of the helix was observed with a b value of around
1.12. Binding of MB to the A-form, and BER to the
Table 4. Viscometric properties of the binding of the ligands with A-form a

Compound A-form

b L (nm)b Lp
c

EB 1.95 0.33 19.5

MB 1.01 0.17 3.0

BER nd nd nd

DA nd nd nd

nd: not detected as the specific viscosity enhancement is very low in each ca
aData presented from the average of five determinations in each case.
b Length enhancement per intercalation site, L = 0.34 nm corresponds to the
c Percent helix length enhancement at rmax of each polymer (Lp, %). Relativ

calculated from (DLmax/Lo) · 100 = brmax · 100.
protonated form of the RNA caused small changes in
the b values, while no appreciable viscosity changes were
observed on EB binding to protonated form, and BER
and DA binding to the A-form of the RNA. Table 4
illustrates the b values, the helix length enhancement
(DL), and the percentage of helix length increment at
rmax (Lp, %) for the binding of these molecules to A-
form and protonated form of the RNA polymer.
3. Discussion

Although intercalation and minor groove binding
modes of several organic molecules with B-form DNA
have been well documented, less study is available on
similar complexes with RNA. In order to strengthen this
area of research and with the long range objective of
developing drugs that can selectively target RNA, we
have studied the interaction of five DNA binding mole-
cules with two different conformations of poly(rC)Æpo-
ly(rG) structures. poly(rC)Æpoly(rG) has been
previously shown25 from our laboratory to exist in two
conformations depending on the pH of the solution;
the A-form at physiological pH and the protonated
form at pH 4.3. These two conformations have been
characterized to have clearly defined but distinctly differ-
ent CD and UV spectral characteristics. But none of
these forms exhibited any thermal melting profiles with-
in 99.5 �C, indicating that both these structures are ther-
mally stable up to a temperature of 99.5 �C under the
conditions of our study. Protonation of nucleic acid
bases could result in base pair reorientation that could
lead to structural alterations. Although there is consen-
sus that the first protonation sites in DNA are the GC
base pairs, there is still controversy as to whether the
guanines or the cytosines are protonated first. Based
on the fact that cytosine possesses the highest pK
amongst the four bases, earlier studies led to the sugges-
tion that the N3 of cytosine is the initial site of proton-
ation.36 Contrary to this, Guschulbauer and Courtois37

proposed the initial protonation sites to be the N7 of
guanine. This would result in an interesting consequence
resulting in the subsequent swinging around of a GC
base pair to syn conformation and sharing the protons
with the N3 of cytosine. It was argued that the N7 of
guanines lie in the major groove and is thus easily acces-
sible to protons, while the N3 of cytosine is involved in
base pair hydrogen bonding. Later studies using
nd protonated form of poly(rC)Æpoly(rG)a

Protonated form

(%) b L (nm) Lp (%)

nd nd nd

1.86 0.32 19.0

0.76 0.13 2.5

1.12 0.19 12.0

se.

standard value of b = 2.

e length enhancement (DL/Lo) is given by DL/Lo = br and hence Lp is
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NMR38,39 have however supported the former model of
initial cytosine protonation. Studies from our laborato-
ry40–42 on protonation of natural DNAs and synthetic
alternating GC polymer have proposed specific confor-
mational changes to left-handed structures that resulted
from Hoogsteen base pairing formation in the GC pairs.
But in the DNA GC homopolymer, such left-handed
conformation with Hoogsteen base pairing was not
formed.42 Studies on the protonated structures of
RNA polymers are still scanty. Poly(rC) and poly(rG)
have been associated at low pH to form poly (rC+)Æpoly
(rG)Æpoly(rC) triplex with the poly (rC) strand lying in
the major groove. Similarly, acid titration of poly(rC)Æ-
poly(rG) duplex has been suggested to lead to triplex
formation.43 Single stranded ribonucleic acids of
poly(rG) and poly(rC) have also been reported to form
alternate structures under protonation like double
stranded and quadruplex structures.44 Protonation of
single stranded poly(rA) would result in the formation
of a parallel stranded duplex structure resulting from
the base pairing of protonated adenine residues.45 In
the RNA homopolymer of GC studied here, proton-
ation resulted in the formation of a duplex structure
having clearly different CD and UV characteristics com-
pared to its A-form. But from thermal melting studies,
we found no evidence for the formation of Hoogsteen
base pairing in this conformation at pH 4.3 with which
studies on the interaction of the drugs were performed.

3.1. Ethidium–RNA interaction

Ethidium bromide (EB) is a phenanthrinic drug that
forms soluble metachromatic complexes with nucleic
acids. The molecule also was reported to have potent
antiviral activity and has the ability to inhibit retroviral
reverse transcription.46 The mechanism of EB–nucleic
acid interaction, particularly with DNA, has been exten-
sively studied and it has been consensually proposed that
EB binds primarily to DNA by classical intercalation
mode,47 while secondary binding could occur by a stack-
ing mechanism. Our studies indicate hypochromic and
bathochromic effects on the absorption band of ethidium
on addition of both A-form and protonated form struc-
tures, but the changes were more rapidly pronounced in
the A-form structure. Similarly, the enhancement of the
fluorescence although pronounced in both cases, the
changes were more rapid and achieved saturation at low-
er P/D values with the A-form structure when compared
with the protonated form. The binding data derived in
terms of affinity and the excluded sites from both the
spectrofluorimetric and spectrophotometric data again
substantiate that EB strongly binds to the A-form of
RNA polymer. We have obtained binding affinity values
of 12 · 104 M�1 and 11 · 104 M�1, respectively, by spec-
trophotometric and spectrofluorimetric experiments for
the binding of EB to the A-form RNA while the same
for the protonated form was much lower (Table 3). Pre-
vious studies by Quadrifoglio and colleagues19 have eval-
uated a binding constant of 0.8 · 103 M�1 for EB
binding to A-form of poly(rC)Æpoly(rG) at 100 mM
[Na+]. Bresslof and Crothers20 studied the binding of
EB to several synthetic RNA and RNA–DNA hybrids
and reported a higher binding affinity for EB to RNA
and RNA hybrids relative to DNA in the poly[AU(T)]
series. Nelson and Tinoco48 in oligonucleotides and Bag-
uli and Falkenhaug49 in synthetic polynucleotides also
observed higher binding affinity of EB to AU sequences
of RNA. Crystal structures of EB intercalated complex
in both DNA and RNA have similar geometries. Our
data reveal that the binding of EB to the A-form of
RNA is stronger than that to the protonated form. This
has been further substantiated from the quantum yield
data of EB-A-form system that was higher and achieving
saturation more rapidly at lower P/D values compared to
that with the protonated form. In CD, changes in the
intrinsic CD of the polymer and the emergence of extrin-
sic CD for the bound EB molecules (Fig. 6A) when com-
pared to lower changes with the protonated form and the
total absence of extrinsic CD bands with the protonated
system again underscore the intercalative binding of EB
to the A-form structure of poly(rC)Æpoly(rG). The typical
induced CD bands with low amplitude similar to that
seen here (Fig. 6A) with the A-form RNAwere suggested
to be the result of direct interaction of EB molecules
bound intercalated in neighboring binding sites.50 Bind-
ing of EB to ribosomal RNA by spectroscopic tech-
niques has suggested the intercalation of the
phenanthridinium ring in the double stranded regions
of RNA resulting in increased dye–dye interactions com-
pared to DNA.51 EB was also shown to intercalate to the
A-form alternating GC RNA, but did not have any affin-
ity with the Z-form of the same polymer.52 In this con-
text, it is worth noting that EB has been shown to
convert all altered forms of DNA like Z-form, HL-form,
etc., back to the B-form.53,54 In our studies, the diagnos-
tic proof of intercalation came from the viscosity data
(Table 4) which clearly showed that the viscosity of the
rod like A-form RNA only has been enhanced by the
intercalation of EB resulting in a helix extension value
(b) of 1.95 in agreement with the previous results,19,20

while none or only marginal changes were observed with
the protonated form. Thus, from the data on EB, it is
clear that EB binds to the A-form RNA by intercalative
binding, while with the protonated form only either
external and/or stacking interaction is revealed.

3.2. Actinomycin D–RNA interaction

Actinomycin D is one of the best-known and most wide-
ly used antibiotics. AMD is an antitumor agent, specific
inhibitor that specifically inhibits the elongation phase
of transcription. The mode of action of the drug is asso-
ciated with binding to DNA that occurs by intercalation
with its cyclic pentapeptide rings snugly fitting into the
minor groove of DNA. The structure of AMD–DNA
complex has been examined at the nucleotide level by
different methods such as chemical footprinting,
NMR, and X-ray crystallography.55 AMD and several
of its derivatives have also been shown to bind with high
affinity to selected single stranded DNA, single stranded
RNA, poly(I), but with low affinity to poly(dG) and r-
RNA.56 Our present results indicate that the binding
of AMD to both the forms of RNA is non-specific as re-
vealed from the results of UV titration, absence of
changes in the fluorescence, and CD spectra and above
all no enhancement in the viscosity of the rod like RNA.
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3.3. Methylene blue–RNA interaction

Methylene blue is a polyaromatic cationic dye of the
phenothiazine group used in staining of nucleic acids.
MB has been shown to inactivate viruses in human plas-
ma on exposure to light.57 MB is an extensively used
photosensitizing agent for photodynamic inactivation
of RNA viruses including HIV, hepatitis B, virus and
hepatitis C virus in plasma.58 Very recently, inactivation
of dengue virus by MB/narrow bandwidth light system
has been reported.59 Most biophysical studies on the
interaction of MB with nucleic acids were performed
with DNA.60,61 MB has been shown to bind to DNA
predominantly in intercalative mode with a 100-fold
higher GC base pair specificity compared to AT base
pairs. MB has also a weak affinity mostly due to electro-
static interaction to single stranded DNA, poly(rA) and
poly(rG).62 Binding of MB to t-RNA was shown to have
pronounced effect on the aminoacylation activity.63 The
interaction of MB with A-form and protonated form of
the RNA studied here indicated that the effect on the
protonated form was more drastically pronounced in
both absorbance and fluorescence compared to the A-
form. In absorbance, more hypochromic effects of the
visible absorption bands were manifested in presence
of the protonated form (Table 2). Again, in fluorescence
a more effective quenching of the intrinsic MB fluores-
cence was effected by the protonated form of the RNA
rather than the A-form. Significantly, while DNA has
been shown to cause red shift in the fluorescence of
MB,64 with RNA here we find a blue shift in the MB
fluorescence spectrum. The binding parameters obtained
from both absorbance and fluorescence experiments fur-
ther revealed a stronger binding of MB molecules to the
protonated conformation (Table 3). The data of binding
affinity of MB to protonated form obtained from absor-
bance and fluorescence spectral data were about seven
and five times higher than that with the A-form under
identical conditions. In CD, more pronounced changes
were achieved within the protonated form-MB system
in terms of the perturbations in the RNA structure. Fur-
thermore, the extrinsic CD of the bound MB molecules
arising out of the coupling of the ligand transitions with
RNA bases were more effective in the protonated form
as evidenced by larger ellipticity values. Similar extrinsic
CD was also reported on the binding of MB to t-
RNA.21 Viscosity experiments showed that the relative
specific viscosity of the rod like protonated form RNA
molecules was enhanced more effectively on binding to
MB, the b value was found to be 1.86 against a value
of 1.01 with the A-form establishing that MB molecules
bound to the protonated form by intercalative mecha-
nism. Spectroscopic studies also indicated that MB can
intercalate to t-RNA and partially intercalate to poly(-
rA) chains.21,22 Intercalation of MB to double stranded
RNA has been shown to mediate RNA–protein cross-
links by MB molecules.65

3.4. Berberine–RNA interaction

Berberine is an isoquinoline plant alkaloid that partially
intercalates to DNA.66,67 Previous studies form our lab-
oratory have shown that the alkaloid has a higher
affinity for single stranded poly(rA) chains, compared
to DNA, t-RNA, and several other single stranded syn-
thetic RNA molecules.27 The binding affinity of this
alkaloid to both the conformations of RNA has been
weak in comparison to MB or EB. Between the two con-
formations, the binding to the protonated form has been
higher than that with the A-conformation. This has been
substantiated from the results of absorbance and fluo-
rescence studies. The binding data both from absor-
bance and fluorescence data showed higher binding
affinity of the alkaloid to the protonated form. The cir-
cular dichroic change however does not indicate any
major structural changes in the structure of the RNA
conformations on binding of berberine. The binding
mode determination by viscosity studies revealed that
berberine does not intercalate into the A-form or pro-
tonated form of the RNA. With the protonated form
a b value of 0.76 was observed (Table 3) signifying a
weak and partial intercalation of berberine molecules
to the protonated structure.

3.5. Distamycin A–RNA interaction

Distamycin A is one of the best-known antiviral antibi-
otics that binds to double stranded DNA in the minor
groove by replacing the spine of hydration and strongly
favoring AT rich regions as its binding site. The crystal
structure of DA with oligonucleotides has clearly eluci-
dated the specificity of DA to AT sequences in the minor
groove of DNA.68 Not many studies however, are avail-
able on the nature of interaction of this molecule with
RNA. Recently, the binding of DA and some of its
derivatives with structured RNA of HIV-1 TAR RNA
reported that DA by itself was ineffective in binding to
RNA.69 On binding to RNA in the A-form, there was
only a hypochromic shift with no evidence of batho-
chromism or isosbestic points. In this circumstances, at-
tempts to determine a binding constant for DA–A-form
poly(rC)Æpoly(rG) were unsuccessful. Thus, the DA–A-
form RNA could not be properly quantified. The circu-
lar dichroic spectral data nevertheless appear to favor an
interaction of DA with the A-form structure with the
formation of an extrinsic CD band in the 310 nm for
the bound DA molecules. The binding of DA to DNA
has been known to generate positive extrinsic CD in
the 340 nm region. Note, however, that the extrinsic
CD observed in the case of RNA is negative in magni-
tude and centered around 310 nm.70 Viscosity studies
indicated a small increment of the relative viscosity. A
remarkably different picture was apparent for the inter-
action of DA with the protonated form of RNA. We
found a hypochromic and bathochromic shift in the
absorption band of the DA molecules in presence of
increasing concentration of the protonated form with a
single sharp isosbestic point around 342 nm showing
equilibrium between bound and free DA molecules. This
enabled the quantification of the binding and the Scat-
chard binding isotherm indicated non-cooperative bind-
ing phenomenon yielding as association constant (K) of
2.8 · 105 M�1 (Table 3). This value is comparable to a
value of 5.7 · 105 M�1 reported by Waring and co-
workers71 for DA binding to CT DNA under similar
conditions. Viscosity studies show that b value is 1.12
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with protonated form RNA on interaction of DA, indi-
cating that it binds to this structure in a non-intercala-
tive manner. However, electric linear dichroism studies
with classical minor groove binding ligands like Hoechst
33258, berenil, and DAPI with TAR RNA have suggest-
ed the involvement of intercalation to the A-form
RNA.72
4. Conclusions

The results presented in this paper on the interaction of
several DNA binding molecules to two conformations
of the synthetic RNA advance several new information
regarding the RNA binding aspects of these molecules.
Results from spectrophotometric, spectrofluorimetric,
circular dichroism, and viscosity experiments indicate
that (i) binding of EB to A-from RNA proceeds by
intercalation similar to that observed for DNAs. It ap-
pears that the intercalated geometry of the EB mole-
cules on the A-form RNA is similar to the DNA
intercalation sites. This result is in agreement with the
binding of EB to several other RNA models.30 EB, on
the other hand binds weakly with the protonated form,
the structure of which is conformationally different from
that of the A-form. (ii) MB molecules bind to the pro-
tonated form by intercalation, but its binding to A-form
structure is presumably by some other mechanism
which could not be established from the present study.
The binding affinity is higher with the protonated form
than the A-form structure. (iii) AMD–RNA interaction
data reveal that this molecule does not bind to both the
conformations of RNA. (iv) The partial intercalator
BER binds to both A-and protonated form relatively
weakly and apparently weaker than its binding to
DNA, (v) The DNA groove binder DA on the other
hand binds strongly in the minor groove of the proton-
ated forms, while the binding to the A-form is also in
the minor groove and is electrostatic in nature. The
binding to the protonated form of CG sequences may
be more facilitated in the absence of steric hindrance
by the 2-NH2 group of guanine. In contrast to DNA,
the minor groove of A-form RNA has significantly dif-
ferent characteristics in terms of steric and chemical
characteristics being more shallow, wide, and electro-
statically positive and due to features such as the 2 0-
OH group in the RNA minor groove and the different
relative molecular potentials.73 The protonated form
of the RNA may further differ from the A-form due
to the protonation of the guanine and cytosine bases.
X-ray diffraction data on the intercalation complexes
of dinucleotides and modeling studies with intercalators
in segments of RNA and DNA have indicated similar
geometry of the intercalation sites in A-form RNA
and B-form DNA.74 At present, our data cannot differ-
entiate the different geometries of the binding of the
molecules studied here with A-form and protonated
RNA, but it appears that the molecular disposition of
the sites in these two conformations is quite different
as being probed by both intercalators and groove bind-
ers. EB, MB, and BER are structurally different: EB has
a planar structure with a phenolic group attached; MB
is planar and linear, while BER with its partial satura-
tion in one of the ring has a slightly buckled structure.
Further, the minor and major grooves of the protonated
structure of poly(rC)Æpoly(rG) are significantly different
from that of its A-form. Binding of these drugs to the
two forms of the RNA depends on the electrostatic
interaction as well as their acceptability to the geometry
of the minor groove for intercalation or partial interca-
lation. The relatively higher affinity of cationic MB and
BER to the protonated form in comparison to the A-
form of the RNA observed here is due to the higher
adaptability in the minor groove of the protonated
structure. Thus, depending on the structure of these li-
gands and local variations in the conformation, binding
may be stronger to protonated RNA than A-form
RNA. To conclude, from the standpoint of the design
of potential RNA targeted drugs, and the diverse con-
formational variations possible for the RNA, our data
present significant insights into the nature of binding
of these DNA binding molecules to two forms of
RNA helix.
5. Materials and methods

Poly(rC)Æpoly(rG) was purchased from Sigma Chemi-
cal Co., St. Louis, MO, USA, and was checked for
its purity and nativeness before use. The concentration
of this polymer was estimated spectrophotometrically
using a molar extinction coefficient (e) of
7700 M�1 cm�1 at 259 nm in buffer of neutral pH.25

EB, AMD, BER, and DA were products of Sigma
Chemical Company (St. Louis, MO, USA). MB was
from Qualigens (India). The molar extinction coeffi-
cients of these compounds and their optical properties
are collated in Table 1. The purity of these com-
pounds was confirmed by thin layer chromatography,
melting point determination, UV–vis spectroscopy,
and 1H NMR. Drug solutions were prepared freshly
each day by dissolving appropriate amount in buffer
of pH 7.0 and were always kept protected in dark to
prevent from any light induced changes. All these
compounds obeyed Beer�s law in the concentration
range used here. Studies were carried out in citrate–
phosphate (CP) buffer containing 5 mM Na2HPO4Æ2-
H2O as described previously.40–42 The pH was adjust-
ed by the addition of citric acid. This buffer provides
constant [Na+] molarity of 10 mM. Analytical grade
reagents and glass distilled deionized water were used
throughout. All the buffer solutions were passed
through Millipore filters of 0.45 lm.

5.1. Formation of protonated structure of
poly(rC)Æpoly(rG)

Protonated form of the RNA was prepared by slowly
adding the A-form structure to CP buffer of pH 4.3 un-
der stirring maintained at 15 �C. The formation of the
structure was confirmed by CD measurements before
further study. Although the formation of the structure
appeared to follow fast kinetics, as revealed from CD,
in practice a 30 min incubation time was allowed for
the stabilization of the protonated structure before fur-
ther measurements.
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5.2. Absorption and fluorescence spectroscopy

All Absorbance and fluorescence measurements were
recorded with a Shimadzu Pharmaspec 1700 spectro-
photometer (Shimadzu Corporation, Japan) and a Hit-
achi F 4010 spectrofluorimeter (Hitachi Ltd, Tokyo,
Japan), respectively, in quartz cells of 1 cm path length
at 20 ± 1 �C. Ultraviolet thermal melting studies were
performed on a Shimadzu UV260 spectrophotometer
equipped with a thermoprogrammer (KPC-5) and tem-
perature controller (SPR-5) in stoppered quartz cuvettes
of 1 cm path length, monitoring the absorbance change
at the absorption maximum of the polymer.

5.3. Analysis of binding data

Results from absorbance and fluorimetric titration were
cast into the form of Scatchard plots of r/Cf versus r, in
the case of EB, MB, and BER, where r is the number of
molecules of ligand bound per mole of nucleotide and Cf

is the molar concentration of the free ligand. The
parameters r and Cf were determined from the change
in absorbance or fluorescence emission intensity. 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 ab would be given by

ab ¼ AFðIFÞ � AðIÞ=AFðIFÞ � ABðIBÞ ð1Þ

The molar concentration of free (Cf) and bound (Cb) li-
gand molecules and r could be evaluated from the fol-
lowing equations where D and P represent the total
input ligand and DNA phosphate concentrations,
respectively.

Cf ¼ ð1� abÞD
Cb ¼ abD

r ¼ Cb=P ¼ abD=P

ð2Þ

Non-linear binding isotherms were observed in each
case and the data were further fitted to a theoretical
curve drawn for non-linear non-cooperative ligand bind-
ing phenomena using McGhee and von Hippel equation

r=Cf ¼ Kð1� nrÞ½ð1� nrÞ=f1� ðn� 1Þrg�ðn�1Þ ð3Þ

where �K� is the intrinsic binding constant to an isolated
binding site and �n� is the number of nucleotides occlud-
ed by the binding of a single ligand molecule. Binding
data were analyzed using the computer program SCAT-
PLOT35 version 1.2 that works on an algorithm that
determines the best-fit parameters to Eq. 3 as described
earlier.75

5.4. Fluorescence quantum yield

Steady state fluorescence quantum yield was calculated
using the following equation as described previously:76

/s ¼ ðF seqCq=F qesCsÞ0:55 ð4Þ
where F denotes the integral area of the fluorescence in
arbitrary units, e represents the molar extinction coeffi-
cient at the wavelength of excitation, C represents the
molar concentration of the sample (s) and quinine sulfate
(q), respectively. Quinine sulfate in 0.1 NH2SO4 was tak-
en as reference standard for quantum yield
measurements.

5.5. Fluorescence polarization anisotropy

Fluorescence polarization anisotropy of a ligand and its
complexes with A-form or protonated form RNA was
carried out as described by Larsson et al.77

A ¼ ðIvv � IvhGÞ=ðIvv þ 2IvhGÞ ð5Þ

where G is the ratio Ihv/Ihh used for instrumental
correction. Ivv, Ivh, Ihv, and Ihh represent the fluores-
cence signal for excitation and emission with the
polarizer set at (0�, 0�), (0�, 90�), (90�, 0�) and
(90�, 90�) respectively. The molecular weight of ribo-
nucleic acid used in the study was in the range of
260 ± 50 base pairs.

5.6. Circular dichroism

Circular dichroic (CD) spectra were acquired on a JAS-
CO J720 spectropolarimeter (Japan Spectroscopic Co.
Ltd, Japan) at 20 ± 1 �C as described previously.78,79

Titrations were carried out keeping a fixed concentra-
tion of the RNA and incrementally adding aliquots of
the drugs in 1 cm path length cell. In practice, samples
were equilibrated for at least 5 min before the initiation
of the spectral accumulations. Each spectrum was the
average of four successive accumulations, and was base
line corrected and smoothed within permissible limits
using builtin software. The spectra presented are nor-
malized to nucleotide concentration and the molar ellip-
ticity (h) is expressed in deg cm2/dmol.

5.7. Solution viscosity measurements

Viscosity experiments were conducted using a Can-
non–Manning semi-micro size 75 capillary viscometer
that was immersed in a thermostated bath (Cannon
Instruments Co., State College, PA, USA) maintained
at 20 ± 0.5 �C. RNA duplexes were sonicated to an
average molecular weight of 260 ± 50 base pairs using
a Labsonic 2000 sonicator (B. Braun Swiss) with a
needle probe of 4 mm diameter as describer earlier.80

After sonication, the polymer was extensively dialyzed
under sterile conditions. Flow times were measured in
triplicate to an accuracy of ±0.01 s with an electronic
stopwatch Casio Model HS-30W (Casio Computer
Co. Ltd, Japan). Relative viscosities for RNA in either
the presence or absence of the drugs were calculated
from the relation

g0sp=gsp ¼ fðtcomplex � toÞ=tog=fðtcontrol � toÞ=tog ð6Þ

where g0sp and gsp are specific viscosities of the alkaloid–
RNA complex and the RNA, respectively, tcomplex, tcon-
trol, and to are the average flow times for the RNA–drug
complex, free RNA, and buffer, respectively. The rela-
tive increase in length L/Lo can be obtained from a
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corresponding increase in relative viscosity with the use
of the following equation:81

L=Lo ¼ ðg=goÞ
1=3 ¼ 1þ br ð7Þ

where L and Lo are the contour lengths of RNA in pres-
ence and absence of the ligands, and g and go are the
corresponding values of intrinsic viscosity (approximat-
ed by the reduced viscosity g = gsp/C where C is the
RNA concentration) and b is the slope when L/Lo is
plotted against r.
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