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Binding of 9-O-(u-amino) alkyl ether analogues of the plant alkaloid
berberine to poly(A): insights into self-structure induction
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Berberine, the plant alkaloid, was recently shown to induce self-structure in poly(A) by a unique

dilution technique. The interaction of berberine and five 9-(u-amino) alkyl ether analogues with

polyadenylic acid [poly (A)] has been studied to understand the role of an additional anchoring module

in the formation and/or amplification of self-structure in poly(A). The binding was characterized by

absorption and fluorescence titration, Job’s plot and isothermal titration calorimetry. All the molecules

bound cooperatively to poly(A). Self-structure formation was confirmed by circular dichroic melting,

optical melting, and dilution experiments. Energetics of the interaction revealed that as the alkyl chain

length increased, the binding was more entropy dominated. The results showed that berberine and all

the analogues induced self-structure formation in poly(A). The length of the alkyl chain had

a significant influence on the ease of formation of self-structure. New insights in terms of structural and

thermodynamic aspects into self-structure formation in poly(A) by berberine analogues are revealed

from these studies.
RNA molecules are now known to be involved in several critical

life processes occurring in the cell. The role of RNA in the

progression of many diseases, particularly viral infections, has

led to a growing interest in exploiting RNA as a cellular target

for therapeutic drug targeting. The recent discovery of a number

of microRNAs and the emerging knowledge of their functions

further reiterated the crucial roles played by RNA in cell

biology.1,2 Consequently, there is a paradigm shift in interest

from DNA binding molecules to RNA targeted molecules for

modulating the genomic activity through RNA targeting.

Compared to the vast literature on the DNA binding of small

molecules, RNA interaction studies are scarce and quantitative

elucidations of the binding aspects are of remarkable current

interest. RNA molecules have diverse and complex structures

compared to the relatively simple double helical DNA structure.

All eukaryotic messenger RNAs have a long poly(A) tail at the

30-end that is attached during the post-transcriptional modifica-

tion. The addition of adenines as poly(A) tail serves to stabilize

the mRNA, prevents its degradation and influences translation.

Polyadenylation is functionally linked to mRNA molecules and

enhances their splicing. Molecules that can bind to and modulate

the polyadenylate tail may stop poly(A) chain elongation, inhibit

mRNA function and degrade it, and arrest subsequent protein
Biophysical Chemistry Laboratory, Indian Institute of Chemical Biology,
CSIR, 4, Raja S.C. Mullick Road, Kolkata, 700 032, India. E-mail:
gskumar@iicb.res.in; gsk.iicb@gmail.com; Fax: +91 33 2472 3967; Tel:
+91 33 2472 4049/2499 5723

† Current address: Department of Chemistry, Aliah University, DN-41,
Sector V, Salt lake City, Kolkata 700 091, India.

This journal is ª The Royal Society of Chemistry 2011
production in the cell.3,4 It is known that certain viruses target

factors for cleavage that either bind the poly(A) tail of mRNA or

help connect the 30-end of poly(A) with the 50-guanosine cap of

mRNA. Neo PAP, a human PAP that catalyzes the post-tran-

scriptional polyadenylation process, has been found to be

significantly overexpressed in human cancer cells in comparison

to its expression in normal or virally transformed cells. This

relates the polyadenylation process to neoplasms5,6 and the

presence of enhanced levels of poly(A) tailed mRNA in such

cells. Therefore, controlling such overexpression of poly(A) by

the binding of small molecules could be a new type of RNA based

therapeutic intervention.

Studies on the interaction of small molecules with poly(A)

have been reported in the last several years.7–20 But a highly

specific binding leading to structural rearrangement was

observed for the first time with isoquinoline alkaloids.9,11–15 Xing

and coworkers12 showed that the synthetic isoquinoline

compound coralyne binds to single stranded poly(A) generating

a self-structure involving adenine–adenine base pairing. The

benzophenanthridine alkaloid sanguinarine was the first natural

product shown to induce self-structure with an intercalative

binding geometry.15 More recently europium–L-valine complex

and single walled carbon nanotubes have also been shown to

induce self-structure in poly(A).21,22 Our laboratory studied the

formation of such a secondary structure in poly(A) by a variety

of DNA binding molecules using spectroscopic and calorimetric

techniques.14–16,18–20 Optical and circular dichroic melting

measurements and differential scanning calorimetry were effec-

tively used for detecting self-structure formation. Although

coralyne and sanguinarine induced self-structure, the most
Med. Chem. Commun., 2011, 2, 631–637 | 631
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Table 1 Details of the 9-O-substitution of berberine

Abbreviation of
the analogue

Alkyl
amino chain

BER (berberine) –CH3

BER1 –(CH2)2NH2

BER2 –(CH2)3NH2

BER3 –(CH2)4NH2

BER4 –(CH2)5NH2

BER5 –(CH2)6NH2
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prominent and widely distributed parent isoquinoline alkaloid

berberine (Fig. 1) reportedly failed to induce such structural

organization in single stranded poly(A) as inferred from

absorption, circular dichroism and differential scanning calo-

rimetry studies. However, employing a dilution technique, Hud’s

laboratory16 reported that berberine also induced self-structure

in poly(A). Because of our long term interest in making quanti-

tative evaluations of specific structural elements of isoquinoline

alkaloids in binding to DNA and RNA structures,9–11,13–15,17–20

we planned to effect some modifications in the berberine mole-

cule by introducing a side chain at the 9-position to give a series

of 9-(u-amino) alkyl ether analogues (Fig. 1 and Table 1) that

may allow additional contact points for multifunctional inter-

actions with nucleic acids. The significance of 9-substituents on

berberine on topoisomerase II interaction is documented in the

literature from a comparative study of 9-ethoxycarbonyl

berberine, 9-N,N-dimethylcarbamoyl berberine and 12-bromo-

berberine (methoxy group at 9-position).23 It was suggested that

12-bromo-berberine was a stronger DNA binder but a weaker

enzyme poison compared to berberine both in vitro and in cell-

based assays. The results revealed that the proposed drug domain

for DNA intercalation is not a major determinant of enzyme

inhibition for simple berberine analogues. Rather, the 9-

substituent within the domain has a major influence, presumably

by facilitating drug interaction with enzyme and/or enzyme–

DNA complexes. Due to these revelations various derivatives

including those at 9-position were prepared as chemically

modified compounds in order to enhance the DNA binding

affinities and pharmacological activities.24–30 The recent report29

on the enhanced DNA binding of 9-O-(u-amino) ethyl

substituted berberines compared to other substituents encour-

aged us to systematically investigate the length of the alkyl chain

on nucleic acid binding. It was also observed recently that

nanoconjugates of 9-(u-amino) alkyl berberines were more

effective in anti-proliferative activity31 and showed remarkably

higher DNA binding affinity compared to the parent berberine.32

In this report, we systematically investigated the ability of five 9-

(u-amino) alkyl berberine analogues (Fig. 1) with alkyl chain

length from two to six to induce self-structure in single stranded

poly(A) to understand the role of the structural features in small

molecules that may be responsible for such self-structure

induction.

The absorption spectra of all the five berberine analogues were

similar to that of berberine with four absorbance maxima

centered around 228, 264, 344 and 421 nm, respectively.
Fig. 1 Chemical structures of berberine and 9-O-(u-amino) alkyl ether

analogues of berberine investigated in this study.
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Absorption spectroscopy is one of the most convenient tools to

investigate the interaction between drugs and nucleic acids. The

binding to poly(A) was thus studied from absorption spectral

titration following changes in the peaks of the alkaloids in the

300–550 nm region.33–36 Poly(A) does not have any absorption in

this region. All the analogues exhibited hypochromic changes

and bathochromic effects on binding to poly(A) with three well-

resolved isosbestic points. The spectral changes in the absorption

spectrum of berberine were similar to those reported earlier.9,11

Representative absorption spectral changes in BER and BER5

(BER1 to 5 represent analogues with two to six CH2 groups at

the 9-position) are presented in Fig. 2. Such absorbance titrations

in each case were used to determine the isosbestic point and the

molar extinction coefficient of the fully bound alkaloid

analogues. For elucidation of the binding parameters, absorp-

tion spectral study was performed by titrating a constant

concentration of poly(A) with increasing concentration of each

analogue. The data from these titrations were then converted to

Scatchard plots of r/Cf versus r. Representative Scatchard plots

for BER and BER5 are presented in the inset of Fig. 2. Coop-

erative binding isotherms evidenced by positive slope at low

values of the bound alkaloid (r) were observed in all the cases.

Subsequent analysis of Scatchard plots was done by McGhee–

von Hippel equation37 to yield binding constants (Ki), the

number of occluded binding sites (n), and cooperativity factors

(u). These values for BER and the five analogues are presented in

Table 2. It can be seen that the binding affinity increased as the

chain length increased. The apparent binding constant (Kiu),

which is a product of the cooperative binding affinity and the

cooperative factor, gave values of the order of 106 M�1 for the

binding of the analogues to poly(A) (Table 2). The affinities of

the analogues were several folds higher than that of BER; for

BER5 it was about twenty times that of BER.
Fig. 2 Representative absorbance spectra of free (curve 1) and poly(A)

bound (curve 2) (a) BER and (b) BER5. Inset: respective cooperative

Scatchard plots of binding.

This journal is ª The Royal Society of Chemistry 2011
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Table 2 Binding parameters of complexation of berberine and analogues with poly(A) from various spectroscopic experimentsa

Alkaloid

Absorbance Fluorescence Dilution
protocolb

Ki � 10�4 u Ki � u � 10�6 Ki � 10�4 u Ki � u � 10�6 Ki � 10�5

BER 1.21 34 0.41 0.98 41 0.40 1.00
BER1 6.41 48 3.08 5.12 46 2.35 2.97
BER2 7.23 56 4.05 6.54 57 3.73 3.30
BER3 8.15 68 5.54 7.52 61 4.59 4.10
BER4 8.62 75 6.46 8.74 66 5.77 5.20
BER5 9.24 82 7.58 8.89 89 7.91 5.80

a Average of four determinations. Cooperative binding constants (Ki), citrate–phosphate buffer of 10 mM [Na+], pH 7.0 at 20 �C, u is the cooperativity
factor. b As per ref. 17.

D
ow

nl
oa

de
d 

on
 2

4 
Se

pt
em

be
r 

20
11

Pu
bl

is
he

d 
on

 1
3 

M
ay

 2
01

1 
on

 h
ttp

://
pu

bs
.r

sc
.o

rg
 | 

do
i:1

0.
10

39
/C

0M
D

00
20

9G
View Online
Berberine has a weak fluorescence but the 9-analogues have

intense fluorescence with emission spectra in the 450–650 nm

range when excited at 350 nm. Therefore one can directly

perform a binding experiment by observing the intrinsic fluo-

rescence of these analogues in the absence or presence of poly(A).

We found that the fluorescence intensities at the wavelength

maximum increased gradually as the poly(A) concentration

increased eventually leading to saturation in each case. This

phenomenon indicated the interaction between the analogues

and poly(A). The stronger enhancement of intensity with the

analogues compared to BER may be due to the stronger binding

that leads to a decrease of the collisional frequency of the solvent

molecules. Large fluorescence enhancement is also suggesting the

location of the bound molecules in a hydrophobic environment.

Representative fluorescence spectra of free and bound forms of

BER and BER5 are shown in Fig. 3. The data from fluorimetric

titrations were also analyzed by Scatchard plots. The plots of r/Cf

versus ‘r’ (not shown) revealed positive slope at low ‘r’ values as

in the case of absorbance indicating cooperativity. The cooper-

ative binding constants (Ki), the number of binding sites (n), and

Kiu values for the interaction were estimated and are collated in

Table 2. The cooperative binding and apparent binding affinity

values obtained from fluorimetric data are close to those

obtained from spectrophotometric studies.

Previous results on binding of berberine to DNA and RNA,

and of these analogues to double stranded DNA have also shown

cooperative binding phenomena.32–36 Positive cooperativity in

the binding of small molecules to nucleic acids, in general, has

been rationalized as an allosteric effect or as an effect mediated

by conformational changes in the nucleic acid on binding of
Fig. 3 Representative fluorescence spectra of free (curve 1) and poly(A)

bound (curve 2) (a) BER and (b) BER5.

This journal is ª The Royal Society of Chemistry 2011
small molecules.38,39 It is not unlikely that the binding of these

berberine analogues induces some conformational rearrange-

ments in the poly(A) chain.

To establish the binding stoichiometry of these molecules to

poly(A), continuous variation analysis procedure (Job’s plot)

was performed in fluorescence as described earlier.34 The Job’s

plots of the difference fluorescence intensity versus mole fraction

of berberine and analogues revealed a single binding mode in

each case. Representative plots for BER, BER3 and BER5 are

presented in Fig. 4. The mole fraction of berberine and the

analogues binding to poly(A) derived from the Job’s plot was

observed to be in the range 0.18–0.22 in all cases revealing one
Fig. 4 Job plots for the binding of (a) BER, (b) BER3, and (c) BER5 to

poly(A).

Med. Chem. Commun., 2011, 2, 631–637 | 633
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bound alkaloid molecule per 3–4 adenine bases of poly(A). This

value is in excellent agreement with the stoichiometry reported

for many drugs that induced self-structure in poly(A)14 and with

the number of occluded sites reported for coralyne.12

Circular dichroic (CD) and optical melting experiments of

poly(A) in the presence of these compounds were performed to

ascertain the capability to induce self-structure formation.

Cooperative melting profiles were observed for poly(A)

complexes in the presence of these five analogues, indicating the

formation of self-structure in poly(A). In Fig. 5, the UV

absorption and CDmelting profiles of poly(A) and its complexes

with BER, BER1, BER3 and BER5 are presented. Berberine

derivatives induced self-structure of poly(A) with melting

temperature values of 58, 59, 58, and 59.5 �C, respectively, for
BER, BER1, BER3 and BER5. The melting temperature of poly

(A) self-structure induced by BER is similar to that reported for

the self-structures induced by coralyne and sanguinarine.12,15 It

may be recalled that the binding of all the analogues was coop-

erative as evident from the Scatchard plots under the conditions

of this study. Thus, it appears that cooperativity in binding of

small molecules has a direct correlation to self-structure forma-

tion in poly(A), a notion that was proposed from our earlier

studies.14
Fig. 5 UV melting (a–d) and CD melting (e–h) profiles of free poly(A),

and poly(A) bound with BER, BER3 and BER5, respectively.

634 | Med. Chem. Commun., 2011, 2, 631–637
The CD spectra of poly(A) and of the self-structured poly(A)

induced in the presence of BER, BER3 and BER5 are presented

in Fig. 6. It can be seen that the ellipticities of both peaks of poly

(A) were remarkably altered and reduced in intensity. This

indicates that the self-structured poly(A) has similar CD spectral

characteristics although the bound alkaloid has some influence

on the absolute ellipticity values. The final spectrum in each case

resembled the CD spectrum of the poly(A) self-structure induced

by sanguinarine,15 coralyne12,18 and europium–amino acid

complex.21 The presence of an induced CD band in the visible

absorption region on complexation with poly(A) further estab-

lished the strong environment of the bound molecules inside the

poly(A) helix. It may be noted that the decrease of the long

wavelength band ellipticity has been correlated to both helix

winding angle and base pair twist.40,41 More often, structural

change from A-form to B-form and from B-form to C-form in

double stranded DNA results in such large decrease of the long

wavelength band ellipticity.
Fig. 6 Representative circular dichroic spectra of poly(A) (60 mM)

treated with (a) 0, 6, 12, 18, 24, 36, 42 and 48 mMof BER (curves 1–8) (b)

0, 6, 12, 18, 24, 30, 36 and 42 mMof BER3 (curves 1–8) and (c) 0, 6, 12, 18,

24 and 30 mM of BER5 (curves 1–6).

This journal is ª The Royal Society of Chemistry 2011
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Fig. 8 (Top panel) Representative ITC profile for the binding of alka-

loids to poly(A) in 10 nm CP buffer pH 7.0 at 20 �C indicating the raw

data for sequential injection of 10 mL of poly(A) into (a) BER3 and (b)

BER5 solutions (curve at the bottom) and poly(A) dilution control (curve

on the top offset for clarity). (Bottom panel) Plot of integrated heat data

after correction of heat of dilution of poly(A) against the molar ratio of

the alkaloids to poly(A). The data were fitted to a one-site model and the

solid curves represent the best fit.
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To provide further support for the induction of self-structure

in poly(A) by these molecules, we probed the same by the dilu-

tion method of Hud and colleagues.17a,b From the binding anal-

ysis, the cooperative binding constants for BER and BER1–5

were estimated to be 1.00 � 105, 2.97 � 105, 3.30 � 105, 4.10 �
105, 5.20 � 105 and 5.80 � 105 M�1, and cooperativity factors

were obtained as 1.20, 1.31, 1.39, 1.47, 1.78 and 1.86, respectively

(Table 2). The binding data obtained from the dilution experi-

ments are in good agreement with the results of other binding

analyses. In each case the cooperativity factor was greater than

one indicating that the bindings were cooperative. The number of

alkaloid molecules assembled on poly(A) for the formation of

self-structure was also analyzed by fitting the curve of fraction of

bound alkaloids against the concentration of alkaloids (Fig. 7).

In each case the number of assembled alkaloid molecules was

about four, which was in good agreement with the data reported

by Centikol and Hud for berberine.17

Isothermal titration calorimetry (ITC) was employed to

further understand the thermodynamics of the complexation of

these molecules with poly(A). Isothermal titration calorimetry

has become an effective tool to thermodynamically characterize

the binding of small molecules to nucleic acid structures that

may offer key insights into the complex formation driven by

the molecular forces.42 The advantage of ITC is that it can give

a complete thermodynamic profile of the binding such as

Gibbs’ energy change (DG), enthalpy change (DH) and entropy

change (DS) together with stoichiometry (N) and the affinity

constant (Ka), and these are independent of the spectroscopic

changes that occur during the reactions. The ITC profiles for

the binding of berberine analogues BER3 and BER5 to poly(A)

are presented in Fig. 8. All the profiles were monophasic and

revealed the binding to be exothermic resulting in negative

peaks in the plot of power versus time. Each of the heat burst

curves in the figure corresponds to a single injection of poly(A)

into the alkaloid solution that was corrected by the corre-

sponding dilution heats derived from a titration of identical

amounts of poly(A) solution into buffer alone. The resulting

corrected heat plotted as a function of the molar ratio is

depicted in the lower panel. The data points reflect experi-

mental injection heats while the solid lines reflect the calculated

fits of the data. The thermodynamic parameters for the binding

of BER and the five analogues to poly(A) are depicted in
Fig. 7 Plot of fraction of bound BER (closed circles) and BER5 (open

circles) against their concentration obtained from dilution experiment.

This journal is ª The Royal Society of Chemistry 2011
Table 3. The ITC data yielded an association constant (Ka) of

0.65 � 106 M�1, an enthalpy change of �7.04 kcal mol�1, an

entropy change (TDS) of 0.80 kcal mol�1 and a binding site size

(1/N) of 3.33 bases for the binding of berberine to poly(A). As

the alkyl amino chain was attached to the berberine chromo-

phore, a dramatic increase in the binding affinity occurred; the

Ka was three times higher (1.85 � 106 M�1) for BER1 than for

BER. The entropy factor (TDS) to the Gibbs’ energy change

was also enhanced considerably from 0.8 for BER to 1.83 for

BER1. As the length of the side chain increased, the Gibbs’

energy change was enhanced, revealing more favourable

contacts to the binding from the side chain. The disruption of

the water structure became evident as the enthalpy of the

reaction decreased and the entropy contribution became more

and more dominant (Table 3). For BER5, the binding affinity

was almost 10 times higher (6.10 � 106 M�1) than that of BER

with significant entropy contribution to the free energy of

binding. The bound BER4 and BER5 molecules spanned about

four bases/base pairs of poly(A). It is pertinent to mention here

that the binding affinity values obtained from ITC results are in

good agreement with the apparent binding values obtained

from spectroscopic results. Thus, the addition of the 9-u-amino

alkyl ether side chain dramatically changed the energetics and

affinity of berberine–poly(A) interaction.

Planar isoquinoline alkaloids like sanguinarine and coralyne

have been shown to induce a unique self-structure in poly

(A).12,15 We systematically evaluated the ability of berberine

and the role of the nature of the 9-u-amino alkyl ether

substitution in berberine in inducing self-structure in poly(A).

Our present results clearly indicate that the non-planar conju-

gated berberine and all the five 9-O-analogues induced self-

structure formation in poly(A). All these compounds bound

cooperatively to poly(A) as inferred from their Scatchard
Med. Chem. Commun., 2011, 2, 631–637 | 635
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Table 3 Thermodynamic parameters for the association of berberine analogues with poly(A) from calorimetrya

Alkaloid/analogue Ka � 10�6/M�1 N DG/kcal mol�1 DH/kcal mol�1 TDS/kcal mol�1

BER 0.65 0.30 �7.84 �7.04 0.80
BER1 1.85 0.25 �8.46 �6.63 1.83
BER2 2.56 0.30 �8.65 �6.41 2.24
BER3 3.66 0.30 �8.86 �5.91 2.95
BER4 5.51 0.25 �9.09 �5.86 3.23
BER5 6.10 0.28 �9.16 �5.64 3.52

a All the data in this table are derived from ITC experiments conducted in citrate–phosphate buffer of 10 mM [Na+], pH 7.0 and are average of four
determinations. Ka and DH values were determined from ITC profiles fitting to Origin 7.0 software as described in the text. The values of DG were
determined using the equation DG ¼ DH � TDS. All the ITC profiles were fit to a model of single binding site.
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binding isotherms derived from absorption and fluorescence

spectral data. Although all the molecules investigated have

similar buckled structure for the isoquinoline chromophore, the

affinity remarkably increased as the alkyl chain length of the 9-

substituent increased. Especially noteworthy is that between

BER and BER5 there is 10 times enhancement in the binding

affinity. It appears that flexibility of the alkyl chain confers

a better geometry/contact probability for the amino group with

poly(A) base pairs and phosphates. Although we have no clear

cut correlation between the various structural motifs of a drug

in inducing self-structure formation in poly(A) at present, our

data suggest that cooperative binding of these molecules and

not planarity may be an important, if not indispensable,

criterion. It is pertinent to mention here that the DNA binding

affinity of these analogues has been found to be enhanced by

about thirty times on increasing chain length from one to five

carbon atoms.32 This study further confirms the importance of

9-O-substitution in berberine and the role of flexible and long

alkyl chain for stronger nucleic acid binding. Further studies

are underway to have a clear understanding of the exact role of

the side chains in RNA binding by modifying the alkaloid

structure at different positions. Since molecular recognition of

single stranded RNA by small molecules is an area of current

importance in chemical biology and medicinal chemistry, our

results open up new avenues for the use of these berberine

analogues in modulating the gene expression and development

of antiviral agents based on 9-O-substituted berberine

molecules.
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Abbreviations
Poly(A)
This
polyadenylic acid
RNA
 ribonucleic acid
DNA
 deoxyribonucleic acid
PAP
 polyadenylyl polymerase
CD
 circular dichroism
UV
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