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Abstract—The pH -induced structural changes on the conformation of homo- and hetero-polymers of guanosine–citydine (G.C)
sequences were investigated using spectrophotometric and circular dichroic techniques. At pH 3.40, 10 mM [Na+] and 10 �C both
polynucleotides adopted a unique and stable structural conformation different from their respective B-form structures. The proto-
nated hetero-polymer is established as left-handed structure with Hoogsteen base pairing (HL-form) while the homo-polymer
favored Watson–Crick base pairing with different stacking arrangements from that of B-form structure as evident from thermal
melting and circular dichroic studies. The interaction of berberine, a naturally occurring protoberberine group of plant alkaloid,
with the protonated structures was studied using various biophysical techniques. Binding of berberine to the HL-form structure
resulted in intrinsic circular dichroic changes and generation of extrinsic circular dichroic bands with opposite sign and magnitude
compared to its B-form structure while with the homo-polymer of G.C no such reversal of extrinsic circular dichroic bands was seen
indicating different stacking arrangement of berberine at the interaction site. Scatchard analysis of the binding data, however,
indicated non-cooperative binding to both the protonated forms similar to that of their respective B-form structure. Fluorescence
spectral studies, on the other hand, showed remarkable increase in the intrinsic fluorescence of the alkaloid in presence of the pro-
tonated forms compared to their respective B-form structure. These results suggest that berberine could be used as a probe to detect
the alteration of structural handedness due to protonation and may potentiate its use in regulatory roles for biological functions.
# 2003 Elsevier Ltd. All rights reserved.
Introduction

It is now well established that structurally DNA is a
polymorphic macromolecule that can exist in a variety
of conformations.1 In aqueous solutions at physio-
logical pH, DNA exists as right-handed B-form double
helix with Watson–Crick base pairing. In several poly-
nucleotides, however, under a variety of conditions the
right handed B-form structure is converted to the left
handed Z-form that still retains the Watson–Crick base
pairing.2�5 With convincing evidences, for the existence
as well as biological roles for left-handed Z-form in
vivo,6 the importance of polymorphic DNA structures
have gained renewed significance for their potential
roles in genetic regulatory processes.7�9

Protonation induced structural modifications in DNA
have been an important area of investigation as pH
manifests itself as a powerful and sensitive factor in all
biological processes.11�16 Although there is no general
consensus on the precise nature of the changes that
occur in DNA as the pH is lowered, it is now accepted
that protonation leads to remarkable changes in the
DNA conformation that is by and large dependent on
the base composition and ionic strength of the med-
ium.17�24 Base protonation has been suggested to pro-
mote B to Z transition in synthetic hetero-guanine-
cytosine polynucleotides at low [Na+] ion concentra-
tions.25 We had earlier demonstrated from extensive
spectroscopic studies that protonation leads to a unique
left handed structure with Hoogsteen base pairs (Fig.
1A) designated as HL-form in DNA at low ionic
strength and low temperature.26�28 High-resolution
Raman and FTIR studies29,30 later confirmed this
structural model. This HL-form structure differs sig-
nificantly in both handedness and the base-pairing
scheme with the B-form structure (Fig. 1B).

Binding of small molecules and drugs to altered DNA
structures has been an active area of
investigation.27,28,31�40 The ability of small molecules to
interact differentially with different nucleic acid
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conformations will convey specific meaning for their
regulatory roles in biological systems. For example,
several intercalating molecules have now been char-
acterized to convert the left handed Z-form DNA con-
formation to the bound B-form conformation.
Ethidium,31,32 actinomycin D,33 daunomycin,34 elsami-
cin A,35 sanguinarine27,28 and aristololactam-b-d-gluco-
side36 cooperatively convert the Z-form structure back
to the bound B-form conformation. The binding of
drugs, however, to other polymorphic forms of DNA is
still poorly studied.37,38 Chen had reported39 that pyr-
ene strongly binds to the DNA at acidic pH. Our studies
had demonstrated27,28 that sanguinarine and ethidium
converted the HL-form structures of the hetero-polymer
and its methylated analogue, poly[d(G-m5C)] coopera-
tively to bound B-form while aristololactam-b-d-gluco-
side strongly bound the HL-form structures of these
polymers.40

This paper is divided into two sections, beginning with a
description of the pH dependent conformational transi-
tions in homo- and hetero-polymers of guanosine–city-
dine (G.C) followed by their interactions with the
benzodioxolo-benzoquinolizine alkaloid berberine. Ber-
berine (Fig. 2) is one of the most widely distributed
plant alkaloid belonging to the structural class of pro-
toberberines. Berberine has extensive biological
activities.41�44 It has strong anti mutagenic and anti
malarial properties and is cytotoxic towards several
tumor cells.41 Recently, the duel topoisomerase I and II
poisoning activities of berberine have been
revealed.45�48 Studies also indicated that berberine
induced apoptosis of human leukemia HL-60 cells is
associated with down regulation of nuceophosmin/B23
and telomerase activity.49 DNA binding property of this
alkaloid has been studied in our and other
laboratories.45�54 Using extensive spectroscopic and
hydrodynamic studies with a variety of B-form DNA’s,
a partial intercalative mode of interaction for this alka-
loid was established.51�53 We also illustrated an adeno-
sine–thymidine (A.T) base pair specificity from our
studies.51�53 Our partial intercalation model was sub-
stantiated further from NMR studies as well.54 More
recent physicochemical and biochemical studies in com-
bination with computer modeling techniques from other
laboratories again strongly favored our partial inter-
calation model, in which the planar benzophenan-
thridine moiety of the ligand remained intercalated
between the base pairs and the rest of the molecule
protruded deep into the minor groove of the DNA.45,46

However, the very recent high-resolution 1H and 31P
NMR results on berberine binding to a variety of oli-
gonucleotides favored a groove binding geometry.55 In
this study we investigate the binding of berberine to the
HL-form of the hetero- and protonated form of the
homo-polymer of G.C and also their respective B-form
structure for comparison through spectroscopic techni-
ques. Our results tend to strongly suggest that berberine
can detect the change of handedness of the protonated
form as evidenced from the display of extrinsic circular
dichroic pattern with opposite sign and magnitude from
that with the B-form.
Results

CD and UV spectral changes of hetero- and homo-polymer
of G.C under the influence of pH

The circular dichroic changes of poly[d(G-C)] and
poly(dG).poly(dC) at different pH values between 7.0
and 3.0 at 10 mM [Na+] at 10�1 �C are presented in
Figure 3. In the hetero-polymer, the changes are mani-
fested as an initial blue shift of the positive CD band,
decrease in the intensity of the 250 nm negative band
resulting in the formation of a well defined negative
band around 300 nm. The protonated spectrum that
remained invariant in the pH range 3.40–3.10 is char-
acterized by a negative band in the 300 nm region and a
positive band in the 260 nm region followed by the
negative band around 240 nm (spectrum 5 in Fig. 3A).
The series of spectra exhibited an isoelliptic point
around 285 nm characterizing equilibrium between in
the conformational rearrangement. The UV spectral
changes accompanying the CD changes in this polymer
are depicted in the inset of Figure 3A. The changes
essentially involve a hypochromic effect in the 260 nm
Figure 1. Structure of (A) Hoogsteen and (B) Watson–Crick pairing in
the guanosine-cytidine base pair.
Figure 2. Chemical structure of Berberine.
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band with concomitant enhancement of the extinction
in the 280 nm region; the later eventually developed into
a band. The HL-form structure developed in this poly-
mer in the pH range 3.40–3.10 has characteristic UV
spectral features (spectrum no. 5 of inset in Fig. 3A) and
is in conformity with our earlier observation.26
The CD spectral changes in poly(dG).poly(dC) upon
reducing the pH was remarkably different from that
observed for the hetero-polymer (Fig. 3B). The B-form
CD spectrum of this polymer at pH 7.0 is characterized
by large positive band in the 260 nm region (spectrum 1,
Fig. 3B). As the pH is lowered, a negative band replaces
the positive ellipticity in the 250–300 nm region, with
maximum centered around 275 nm. The protonated
spectrum in the pH range 3.4–3.0 has a strong negative
band at 275 nm followed by a positive band around 250
nm with a cross over near the wavelength maximum of
the native spectrum (spectrum 7 of Fig. 3B). The UV
spectral changes associated with the pH variation (inset
of Fig. 3B) is characterized by an initial decrease in
absorbance of the 255 nm band, a red shift and an
increase in the absorbance. The absorbance spectrum of
the protonated form of this polymer has a wavelength
maximum around 275 nm (spectrum no. 5 in the inset of
Fig. 3B).

Binding of berberine to HL-form of hetero-polymer and
protonated form of homo-polymer of G.C

The characteristic B-form CD spectrum of the hetero-
polymer undergoes remarkable changes in presence of
berberine manifested by large enhancement of the positive
band with little alteration in the negative band (Fig. 4A).
The ellipticity of this band increased from an initial
value of �7000 � cm2 dmole�1 to almost double at the
saturation point. This is characteristic feature of the
elongation of the duplex as a result of binding of the
alkaloid between the base pairs of DNA. In Figure 4B,
the binding of the alkaloid to the HL-form of poly[d(G-
C)] is depicted. Here also presence of the alkaloid pro-
duced increase in the ellipticity of the positive band with
little alterations in the negative band. Concomitant with
this increase there was also the development of an
extrinsic CD band with positive ellipticity in the 330–
400 nm region for the bound alkaloid molecules. A
saturation effect in the enhancement of the positive
band was achieved with concomitant saturation in the
extrinsic CD band. Thus the strong binding of the
alkaloid to the HL-form generated a strong extrinsic CD
band and this was not observed with the binding to B-
form structure (Fig. 4A).

In Figure 4C and D, the interaction of the alkaloid to
the B and protonated forms of the homo-polymer is
depicted. The changes observed on progressive increase
of berberine concentration with the B-form polymer
was marginal (Fig. 4C) with no indication of the devel-
opment of any extrinsic CD bands. In Figure 4D, the
CD spectral changes on the interaction of berberine to
the protonated structure of poly(dG).poly(dC) show
remarkable changes on binding. The 275 nm negative
band decreased in ellipticity rapidly and crossed over to
the positive side to produce a strong positive band
around 280 nm. Concomitant with this change the 250
nm positive band of the protonated poly(dG).poly(dC)
decreased and disappeared. The fully berberine bound
spectrum of protonated poly(dG).poly(dC) has a single
positive band around 280 nm with a relatively small band
in the 220 nm region (spectrum no. 10 of Fig. 4D). Here
Figure 3. Influence of pH on the CD spectra of (A) poly[d(G-C)] and
(B) poly(dG). poly(dC) in citrate–phosphate buffer at 10�1 �C. (A.)
Curves 1–5 denote pH values of 7.0, 4.20, 3.80, 3.65 and 3.40 and (B)
curves 1–7 denote pH values 7.0, 5.90, 4.70, 4.00, 3.80, 3.65 and 3.40,
respectively. Inset: UV spectral changes of poly[d(G-C)] and poly(dG).
Poly(dC) at different pH values at 10�1 �C. Curves 1–5 in the inset of
A denote pH values 7.0–4.90, 4.20, 3.85, 3.65 and 3.40 and curves 1–5
in the inset of B denote pH values of 7.0–5.90, 4.75, 3.80, 3.40 and
3.20, respectively.
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again like in the case with the HL-form poly[d(G-C)] an
extrinsic CD band was developed in the region 340–380
nm. However the extrinsic CD developed was week in
intensity compared to that observed with poly[d(G-C)].

Binding of berberine to the Z-form of hetero-polymer of
G.C

In order to compare the binding of berberine to Z-form
DNA (left-handed Watson–Crick base paired structure)
we have studied the interaction of the alkaloid with Z–
DNA structures of poly[d(G-C)]. The CD spectra of the
Z-form poly[d(G-C)] remained invariant in presence of
berberine up to a P/D (nucleotide phosphate/drug) of
�0.80 (figure. not shown) indicating clearly that ber-
berine neither bound to Z-form structures nor it altered
the Z-form structure to bound B-form.

Extrinsic CD studies of berberine with HL-form of
hetero-polymer and protonated form of homo-polymer of
G.C

To understand in more details the binding of berberine
to the two-protonated forms, extrinsic CD measure-
ments were performed in the region (300–500 nm)
keeping a fixed concentration of the alkaloid and vary-
ing the concentration of the polynucleotides. In order to
compare the data under identical conditions the inter-
action of berberine with their respective B-form struc-
ture was also studied (Fig. 5). Binding of berberine to
both B-form and protonated form generated extrinsic
CD bands, but the nature and extent were different. In
Figure 5A and B the extrinsic CD observed with the B
and HL-forms of poly[d(G-C)] are presented. With the
B-form- berberine complex, there was a broad CD band
in the 400–500 nm region with maximum around 435
nm followed by an exciton split type band in the 340 nm
region at high P/D ratios (�10). On decreasing the P/D
ratio there were drastic changes in the 340 nm region
resulting in the development of a positive band that
further increased, reached a maximum and then
decreased in intensity. The 435 nm band however
decreased in ellipticity with decreasing polymer concen-
tration. In Figure 5B, the extrinsic CD changes
observed for HL-form-berberine complex is presented.
The association of berberine molecules to the HL-form
induces remarkably strong positive optical activity in
the 300–400 nm region followed by a negative band in
the 400–500 nm region. This is almost opposite in mag-
nitude and shape to that observed with the B-form
structure (Fig. 5A) at the same P/D ratio. As the P/D
decreased, the ellipticity of the positive and the negative
bands reduced in intensity.

The CD changes seen on the interaction of berberine
with the B- and protonated forms of the homo-polymer
Figure 4. Representative CD spectra resulting from the interaction of berberine with HL-form poly[d(G-C)], protonated form of poly(dG).poly(dC)
and their respective B-form structures at 10�1 �C (A) Curves (1–11) denote B-form poly[d(G-C)] (40 mM) treated with 0, 1.63, 3.67, 6.11, 9.40,
12.60, 15.81, 19.04, 22.24, 25.43 and 28.62 mM of berberine in CP buffer pH 7.0; (B) curves (1–10) denote HL-form poly[d(G-C)] (40 mM) treated
with 0, 6.52, 12.99, 16.22, 19.44, 22.64, 25.83, 29.02, 32.20 and 35.35 mM of berberine in CP buffer pH 3.40; (C) curves (1-4) denote B-form poly(dG).
poly(dC) (31.0 mM) treated with 0, 6.51, 11.33 and 17.30 mM of berberine in CP buffer of pH 7.0 and (D) curves (1-11) denote protonated form
poly(dG). poly(dC) (31.0 mM) treated with 0, 0.82, 2.0, 3.7, 6.1, 10.1, 14.1, 18.1, 22.0, 26.0 and 30.0 mM of berberine in CP buffer of pH 3.40.
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are presented in Figure 5C and D, respectively. With the
B-form, a positive CD is generated in the 400–500 nm
region, but the intensity is relatively weak compared to
that with the hetero-polymer. In the 300–400 nm
regions the nature of the extrinsic CD observed here is
also markedly different. A negative CD band (curve 1,
Fig. 5C) was developed at high DNA concentrations (P/
D=10) that reduced in intensity as the P/D decreased.
On the other hand the protonated form of the homo-
polymer (Fig. 5D) produced a large positive band with
maximum around 370 nm that decreased in ellipticity as
the P/D decreased. Significantly, there was no CD band
in the 400–500 nm region at any P/D ratio with this
polymer.
Absorption spectral study

In order to understand the nature of the conformational
changes observed in CD on binding of berberine, spec-
trophotometric binding studies of the alkaloid with the
two forms of the polymers were performed under
appropriate solution conditions (Fig. 6). Presence of
increasing concentrations of both the B-form polymers
(Fig. 6A and C) resulted in typical hypochromic and
bathochromic effects in the visible absorption spectrum
of berberine. The characteristic isosbestic points in the
series of spectra indicated clearly an equilibrium in the
binding phenomenon. In the case of protonated forms
(Fig. 6B and D) the pronounced changes were sig-
nificantly lower; the least changes being observed in
case of protonated (HL) form of the hetero-polymer
(Fig. 6B).

Binding isotherms for each case is nonlinear and con-
cave upward, involving more than one type of binding
site. Since we found no sign of sigmoidal behavior for
the occurrence of cooperativity in our system, we adop-
ted the neighbour exclusion model56 using the SCAT-
PLOT program57 for non-cooperative binding
phenomenon to fit our experimental data. We have also
found that such a model adequately fits our data within
the regions of Scatchard plot corresponding to the range
30% (lower) to 90% (upper) of each protonated and B-
form polymer. Representative binding isotherms are
illustrated in the inset of Figure 6. The binding affinity
of berberine to the B and protonated forms of both
polymers is depicted in Table 1. The data reveals that
the alkaloid has higher affinity for the B-form structures
compared to the protonated forms.

Thermal melting study

Under the conditions of our study, the B-form of
poly[d(G-C)] denatured at a temperature higher than
100 �C. Therefore the stabilization of the B-from struc-
ture in presence of berberine could not be monitored.
The protonated form of poly[d(G-C)] exhibited a melt-
ing temperature of 40 �C. In presence of berberine (D/
P=0.6) a stabilization of 5 �C was achieved without any
significant change in the co-operativity of the transition.
The B-form of the homo-polymer exhibited a helix to
coil transition with a Tm 80 �C. In presence of berberine
(D/P=0.6) an enhancement of 3 �C was observed in the
homo-polymer. The protonated form of the homo-
polymer did not exhibit any melting up to 100 �C.
Comparative melting data is also presented in Table 1.

Fluorescence spectral study

In aqueous buffer, binding to B-form DNA enhances
the intrinsic fluorescence of berberine.51,52 In Figure 7,
comparative fluorescence spectral data on the interac-
tion of berberine with the B and protonated forms of
the two polymers are presented. The protonated struc-
tures enhanced the fluorescence of berberine several
folds (Fig. 7B and D) compared to the B-form struc-
tures (Fig. 7A and C) suggesting differences in the nat-
ure of the binding sites of the alkaloid on these
Figure 5. Extrinsic CD spectra of berberine (50 mM) at 10�1 �C trea-
ted with (A) B-form poly[d(G-C)] of concentrations 500, 143, 100 and
50 mM as shown by curves 1–4, (B) HL-form poly[d(G-C)] of con-
centrations 500, 400, 300, 200, 100, 50 and 25 mM as shown by curves
1–7, (C) B-form poly(dG).poly(dC) of concentrations 500, 300, 200,
100 and 50 mM as shown by curves 1–5 and (D) protonated form
poly(dG).poly(dC) of concentrations 500, 400, 300, 200, 100, 50 and
25 mM as shown by curves 1–7, respectively. A complex of protonated
DNA and berberine or B-form DNA and berberine at P/D=10 was
made and this complex was diluted using the respective buffer con-
taining 50 mM of berberine in each dilution in order to get decreasing
P/D values. The expressed molar ellipticity is based on the alkaloid
concentrations.
G. S. Kumar et al. / Bioorg. Med. Chem. 11 (2003) 4861–4870 4865



structures. The maximum enhancement was observed
with the protonated form of poly[d(G-C)] (Fig. 7B).
Discussion

Results obtained previously from extensive spectro-
scopic and viscometric studies have revealed that ber-
berine forms a molecular complex with DNA.50�55 Our
studies have unequivocally characterized berberine–B-
form DNA complexation to be partially intercalat-
ing52,53 and was further supported by biochemical and
molecular modeling studies by other workers.45�47 In
the present study we have chosen to compare the inter-
action of berberine with B-form and protonated struc-
tures of the hetero and the homo-polymer of G.C
Figure 6. Absorption spectra of berberine (8.3 mM, curve 1) treated with B-form and HL-form of poly[d(G-C)] (A and B) and protonated form of
poly(dG).poly(dC) (C and D) at 10�1 �C. (A) Curves 2–8 denote 5.32, 13.30, 22.91, 34.48, 42.40, 50.28 and 58.15 mM; (B) curves 2–5 denote 33.20,
66.40, 91.30 and 124.5 mM; (C) curves 2–8 denote 9.98, 19.92, 31.79, 45.58, 61.24, 82.61 and 94.19 mM and (D) curves 2–7 denote 16.28, 32.57, 50.0,
81.65, 122.47 and 163.3 mM. Inset: representative Scatchard plots for the binding of berberine to (A) B-form poly[d(G-C)] (B) HL-form poly[d(G-C)],
(C) B-form poly(dG).poly(dC) and (D) protonated form of poly(dG).poly(dC). The solid lines represent the non-linear least square best fit of the
experimental points to the neighbor exclusion model (eq. 1) obtained using the computer program SCATPLOT.57 This model adequately fits the data
within the regions of the Scatchard plot ranging from 30% (lower limit) and 90% (upper limit). Values of K0 and n are presented in Table 1.
Table 1. Binding parameters and Tm data on the interactions of berberine with B-form and HL-form of poly[d(G-C)] and protonated form of

poly(dG).poly(dC)a
Polymer
 Conformation
 K0 (�10�5)
 n
 �Tm
d

Poly[d(G-C)]
 B-formb
 5.8
 3.1
 n.d

Poly[d(G-C)]
 HL-formc
 1.8
 11.3
 5.0

Poly(dG).Poly(dC)
 B-form
 3.9
 4.7
 3.0

Poly(dG).poly(dC)
 Protonated formc
 0.1
 6.8
 No melting up to 100 �C
aAverage of three determinations.
bIn 10 mM citrate–phosphate buffer, pH 7.0.
cIn 10 mM citrate–phosphate buffer, pH 3.40.
d�Tm is the [Tm of drug–DNA complex �Tm of DNA]; Tm of poly[d(G-C)] in the HL-form and the Tm of poly(dG).poly(dC) in the B-form were 40
was 86 �C, respectively.
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sequences. In the G.C homo-polymer, the CD chan-
ges on protonation were markedly different from
that observed with the G.C hetero-polymer. Several
earlier studies had focused on the protonation of
G.C base pairs in homo-polymer, but the exact nat-
ure of the changes remained obscure.58,59 Polypurine–
polypyrimidine sequences with high cytosine content
have been found to be located in abundance in regions
of regulatory importance60 and some of these regions
have been shown to exist in altered conformations.61,62

When N3 of cytosine is protonated, it can no longer
pair with guanosine in the normal Watson–Crick geo-
metry. This could result in interesting consequences
potentiating other pairing possibilities like C.C+ base
pairing63�67 or C+.G.C triplet formations68 but the CD
spectral characteristics of such structures are vastly dif-
ferent from that observed here.69,70 Earlier protonation
studies on poly(dG). Poly(dC) have suggested a partial
dissociation of the duplex and the formation of
poly(dC) self complex.71,72 This was attributed to the
presence of excess self complexed poly(dC) in the sam-
ple. Our studies indicate that the stability of the homo-
polymer duplex has been enhanced considerably on pro-
tonation (Tm >100 �C), which rules out the formation of
Hoogsteen base pairing. It is highly likely that this
structure retains Watson–Crick base paring with differ-
ent stacking arrangements from that of the B-form.

In the hetero-polymer, the long wavelength CD band of
the HL-form enhances in ellipticity on binding to ber-
berine. In the homo-polymer, the negative band rapidly
reduces in ellipticity, becomes zero and then develops
into a positive band at the same wavelength maximum.
Berberine did not however effect any changes to the Z-
form CD of poly[d(G-C)]. The association of berberine
molecules to the protonated structures generate extrin-
sic CD for the bound alkaloid molecules. Berberine is a
polycondensate molecule with a positively charged
nitrogen center in the C-ring (Fig. 2) and is devoid of
any chiral center and thus has no intrinsic optical
activity. Berberine also has no titratable groups and its
structure is invariant in the pH range 1–13 as observed
from absorbance and fluorescence spectra.73 Thus, the
differential effects of berberine binding to B and HL-
forms as manifested by extrinsic CD arises clearly from
the conformational changes associated with the proto-
nation of DNA and it appears that the disposition of
the bound berberine molecules in the protonated and B-
from structures are quite different. Detailed compara-
tive studies of the extrinsic CD generated in the poly-
mers suggest that in the hetero-polymer, the binding to
the protonated form generate extrinsic CD of opposite
sign and magnitude compared to the B-form. With the
B-form structure of hetero-polymer, the extrinsic CD
shows a positive band in the 420 nm region, while the
same is negative with the HL-form structure. A strong
positive extrinsic CD band is generated in the 350 nm
region in the B-form homo-polymer while a negative
band is developed in this region for the protonated
structure. It is also significant to observe that the B-
form homo-polymer berberine association has a broad
positive CD band in the 420 nm region while the same is
absent with the protonated form. These extrinsic CD
results strongly suggest that the disposition of the
bound alkaloid to these protonated structures is clearly
quite different from their corresponding B-form counter
parts. Comparative binding data of the alkaloid to the
two forms (Table 1) reveals a different picture. With
both the B- and protonated forms, the alkaloid binding
is non-cooperative. Although weak, the hypochromic and
bathochromic effects seen with the protonated structures
indicate association of the alkaloid to these structures.
The binding affinity of the alkaloid has been higher with
the B-form structures compared to the protonated struc-
tures and varied in the order B-form of poly[d(G-C)]>B-
form of poly(dG).poly(dC)>protonated form of poly
(dG).poly(dC)>HL-form of poly[d(G-C)] (Table 1).
Thus, the berberine is partially intercalating in to the
protonated conformations, it is likely that a more effec-
tive coupling of its transition moments with that of the
base pairs is manifested by the emergence of large
Figure 7. Fluorescence emission spectra of berberine (3.1 mM) (curve
1) at 10�1 �C treated with B-form and HL-form of poly[d(G-C)] and
B-form and protonated form of poly(dG).poly(dC). (A) Curves 2–7
denote 7.4, 23.0, 36.8, 51.4, 66.0 and 81.0 mM of B-form poly[d(G-C)];
(B) curves 2–10 denote 6.2, 15.5, 30.0, 55.0, 80.0, 100.0, 125.0, 138.0
and 160.0 mM of HL-form poly[d(G-C)]; (C) curves 2–6 denote 13.0,
25.5, 45.2, 70.0 and 96.0 mM of B-form poly(dG).poly(dC); and (D)
curves 2–9 denote 7.0, 16.5, 35.0, 59, 82, 110, 131, 152 and 181 mM of
protonated form of poly(dG).poly(dC).
G. S. Kumar et al. / Bioorg. Med. Chem. 11 (2003) 4861–4870 4867



extrinsic CD patterns of opposite sign. It was suggested
earlier that any drug in an intercalation site could be
positioned with the long axis of the chromophore
oriented parallel (classical model) or perpendicular
(threading model) to the base pair long axis.74,75 These
orientations would result in the generation of extrinsic
CD with opposite signs. Alternately, the two different
binding modes for the alkaloid could also arise from
two different orientations of the base pair; the later
being detected through the berberine binding. More
classical intercalators like ethidium and sanguinarine
convert the protonated structure back to the B-form.27

Our argument that berberine binding to the protonated
structures represent two different orientations of the
alkaloid in the helical organization of B- and proto-
nated forms is also strengthened from the fluorescence
results. While sanguinarine and ethidium presents no
major variations between B-form and the protonated
forms,27 the presence of protonated forms show several
fold enhancement in the intrinsic fluorescence of ber-
berine. Almost a 20-fold enhancement in the fluor-
escence intensity between the B- form and the
protonated form strongly reiterates the conformational
differentiation of the B- and protonated forms of DNA
by the alkaloid.

pH dependent conformations of DNA has gained con-
siderable significance recently.10�15 Studies on pH regu-
lated gene expression and other environmental influence
on DNA topology and subsequent effect on selected
gene expression have been of great significance16 as they
involve a great deal of DNA structure–function rela-
tion. In this context, it is important to understand the
pH induced DNA polymorphism and their binding to
small molecules.

In conclusion, the emergence of the extrinsic CD bands
of opposite signs with the B- and HL-form for the
bound achiral berberine molecules undoubtedly reflects
two different binding geometry for berberine in these
structures. This is not exhibited by other classical inter-
calators and is most likely due to the ability of berberine
to differentially bind and discriminate the HL- and B-
conformations from its binding geometry that may
essentially lead to a better understanding of the diverse
biological properties of the alkaloid. In other words, the
observed differential binding of berberine to B-DNA, HL-
DNA and protonated conformations may convey some
specific meaning for its regulatory role in vitro and also
potentiate its use as a probe for DNA conformations.
Materials and Methods

Poly(dG-dC).poly(dG-dC) [hereafter poly[d(G-C)] and
poly(dG).Poly(dC) were purchased from Sigma Chemi-
cal Co., St. Louis, MO, USA. Concentrations of the
polymers were determined using molar extinction coef-
ficients, e (M�1 cm�1) described earlier.76 Berberine
chloride (Sigma) was checked for purity by thin layer
chromatography and melting point determinations and
was used as such. A molar extinction coefficient of
22,500 M�1 cm�1 at 344 nm at pH 7.0 was used for
determining its concentration. Beers law was obeyed in
the range of concentrations used here. Hexaamine cobalt
chloride was a product of Aldrich Chemical Co. USA.
Studies were carried out in Citrate-Phosphate (CP) buf-
fer containing 5 mM of Na2HPO4 as described pre-
viously.26 The pH was adjusted in the range 2.5–7.0 by
the addition of citric acid. This buffer provides constant
[Na+] of 10 mM. Deionized and double distilled water
and analytical grade reagents were used throughout.

Formation of left-handed Z-, left-handed HL and
protonated structures

Z-Form structure of poly[d(G-C)] was prepared by
adding B-form polymer to buffer containing 40 mM
[Co(NH3)6]Cl3 kept stirred as described.26,27 An equili-
brium time of 40 min was allowed after initiating the B
to Z conformational transition. The formation of the Z-
structure was confirmed from UV and CD spectral
measurements before and after the transition and also
from the ratio of the absorbance at 260–295 nm.

The B to HL transition was initiated by slowly adding
the B-form polymer stock solution to 10 mM CP buffer,
pH 3.40 kept stirred and maintained at 10�1 �C as
described earlier.26,27 Hypochromicity change of 23–
25% at 255 nm was generally achieved during the B to
HL transition.

Absorbance spectral studies

Absorption spectral measurements were performed on a
Shimadzu UV260 spectrophotometer (Shimadzu Cor-
poration, Kyoto, Japan) at 10�1 �C in thermostatically
controlled cell holder as described previously.76 Spec-
trophotometric titration of alkaloid–DNA complexa-
tion was performed keeping a fixed concentration of the
alkaloid with varying concentrations of DNA in 1 cm
path length cells to give various P/D ratios as described
earlier.77,78

Evaluation of binding parameters

From spectrophotometric titration data, the concen-
tration of free and bound alkaloid was estimated for
each P/D, and these binding data were cast into
Scatchard plots of r/Cf versus r where r is the number of
moles of alkaloid bound per mole of nucleotide and Cf

is the concentration of the free alkaloid. Non-linear
binding isotherms observed were fitted to a theoretical
curve drawn according to the excluded site model56 for
non-linear non-cooperative ligand binding phenomena
using the following equation
r=Cf ¼ K0ð1 � nrÞ½ð1 � nrÞ=f1 � ðn� 1Þrg	ðn�1Þ
ð1Þ
where K0 is the intrinsic binding constant to an isolated
site, and n is the number of nucleotides occluded by the
binding of a single ligand molecule. Binding data were
further analyzed using the software program SCATPLOT
4868 G. S. Kumar et al. / Bioorg. Med. Chem. 11 (2003) 4861–4870



version 1.257 that works on an algorithm that determines
the best fit parameters to eq. 1 as described earlier.70

Circular dichroism

Circular dichroic (CD) spectral measurements were
performed on a Jasco J720 unit (Japan Spectroscopic
Co., Ltd. Japan) equipped with a temperature controller
and thermal programmer (model PTC 343) interfaced to
a Compaq PC 486 in rectangular quartz cells of 1 cm
path length at 10�1 �C as described earlier.36,70 Each
spectrum was averaged from five successive accumula-
tions and was base-line corrected and smoothed within
the permissible limits using the software supplied by
Jasco. The ellipticity values are expressed in terms of
either per nucleotide (200–300 nm region) or per bound
alkaloid (300–500 nm region).

Fluorescence spectroscopy

Steady state fluorescence measurements were performed
on a Hitachi F-4010 spectrofluorimeter (Hitachi Ltd.,
Tokyo, Japan) to which was attached an Eyela Unicool
UC-55 (Tokyo Rikakiki Co. Ltd., Tokyo, Japan) tem-
perature controller. Measurements were made at
10�1 �C in fluorescence free quarts cells of 1 cm path
length as described earlier.75 Uncorrected fluorescence
spectra are reported.

Thermal denaturation measurements

Thermal denaturation measurements were performed
on the Shimadzu UV 260 unit equipped with a tem-
perature programmer (KPC-5) and controller (SPR-5) in
stoppered matched quartz cells of 1 cm path length mon-
itoring absorbance change at the absorption maximum of
the polymers as described previously.70
Acknowledgements

Suman Das and Kakali Bhadra are indebted to the
University Grants Commission and Council of Scientific
and Industrial Research, Govt. of India, respectively, for
the award of Senior and Junior Research Fellowships.
References and Notes

1. Saenger, W. Principles of Nucleic acid Structure; Springer:
New York, 1984.
2. Pohl, F. M.; Jovin, T. M. J. Mol. Biol. 1972, 67, 375.
3. Behe, M.; Felsenfeld, G. Proc. Natl. Acad. Sci. U.S.A.
1981, 78, 1619.
4. Nordheim, A.; Rich, A. Nature 1983, 303, 674.
5. Rich, A.; Nordheim, A.; Wang, A. H. J. Annu. Rev. Bio-
chem. 1984, 53, 791.
6. Hubert, A. G. Trends Genet. 1996, 12, 6.
7. Zacharias, W.; Jaworski, A.; Larson, J. E.; Wells, R. D.
Proc. Natl. Acad. Sci. U.S.A. 1988, 85, 7069.
8. Herbert, A.; Rich, A. J. Biol. Chem. 1996, 271, 11595.
9. Berger, I.; Winston, W.; Manoharan, R.; Schwartz, T.;
Alfken, J.; Kim, Y. G.; Lowenhaupt, K.; Herbert, A.; Rich, A.
Biochemistry 1998, 37, 13313.
10. Shi, X.; Waasdorp, B. C.; Bennett, G. N. J. Bacteriol.
1993, 175, 1182.
11. Story, C. M.; Mikulska, J. E.; Simitser, N. E. J. Exptl.
Med. 1994, 180, 2377.
12. Colominas, C.; Luque, F. J.; Orozco, M. J. Am. Chem.
Soc. 1996, 118, 6811.
13. Huang, C. Z.; Li, Y. F.; Luo, H. Q.; Huan, X. H.; Liu,
S. P. Anal. Lett. 1998, 31, 1149.
14. Kasyanenko, N. A.; Prokhorova, S. A.; Enriquez, E. F. H.;
Sudakova, S. S.; Frisman, E. V.; Dyachenko, S. A.; Smorygo,
N. A.; Ivin, B. A. Colloids Surfaces A Physciochem. Engg.
Aspects 1999, 148, 121.
15. Gallego, J.; Golden, E. B.; Stanley, D. E.; Reid, B. R. J.
Mol. Biol. 1999, 285, 1039.
16. Hicky, E. W.; Hirshfield, I. N. Appl. Environ. Microbiol.
1990, 56, 1038.
17. Courtois, Y.; Fromageot, P.; Guschlbauer, W. Eur. J.
Biochem. 1968, 6, 493.
18. Guschlbauer, W.; Courtois, Y. FEBS Lett. 1968, 1, 183.
19. O’Connor, T.; Mansy, S.; Bina, M.; McMillin, D. R.;
Bruck, M. A.; Tobias, R. S. Biophys. Chem. 1981, 15, 53.
20. Maiti, M.; Nandi, R. Indian J. Biochem. Biophys. 1986, 23,
322.
21. Maiti, M.; Nandi, R. Indian J. Biochem. Biophys. 1987, 24,
96.
22. Maiti, M.; Nandi, R. Anal. Biochem. 1987, 164, 68.
23. Muntean, C. M.; Puppels, G. J.; Greve, J.; Segers-Nolten,
G. M. J. Biopolym. (Biospectrosc.) 2002, 67, 282.
24. Robert-Nicoud, M.; Arndt-Jovin, A.; Zarling, D. A.;
Jovin, T. M. EMBO J. 1984, 4, 721.
25. Chen, F. M. Biochemistry 1984, 23, 6159.
26. Kumar, G. S.; Maiti, M. J. Biomol. Struct. Dyn. 1994, 12,
183.
27. Das, S.; Kumar, G. S.; Maiti, M. Biophys. Chem. 1999, 76,
199.
28. Maiti, M. Indian J. Biochem. Biophys 2001, 38, 20.
29. Segers-Nolten, G. M. J.; Sijtsema, N. M.; Otto, C. Bio-
chemistry 1997, 36, 13241.
30. Tajmir-Riahi, H. A.; Neault, J. F.; Naoui, M. FEBS Lett.
1995, 370, 105.
31. Walker, G. T.; Stone, M. P.; Krug, T. R. Biochemistry
1985, 24, 7462.
32. Hardin, C. C.; Walker, G. T.; Tinoco, I. Biochemistry
1988, 27, 4178.
33. Walker, G. T.; Stone, M. P.; Krug, T. R. Biochemistry
1985, 24, 7471.
34. Chaires, J. B. J. Biol. Chem. 1986, 261, 8899.
35. Garcia, E. J.; Portugal, J. Biochemistry 1992, 31, 11641.
36. Ray, A.; Maiti, M. Biochemistry 1996, 35, 7394.
37. Yang, C. F.; Jackson, P. J.; Xi, Z.; Goldberg, I. H. Bioorg.
Med. Chem. 2002, 10, 1329.
38. Kim, S. K.; Eriksson, S.; Norden, B. Biopolymers 1993,
33, 1677.
39. Chen, F. M. J. Biomol. Struct. Dyn. 1983, 1, 925.
40. Ray, A.; Kumar, G. S.; Maiti, M. J. Biomol. Struct. Dyn.
2003, 21, 141.
41. Cernakova, M.; Kostalova, D.; Kettmann, V.; Plodova,
M.; Toth, J.; Drimal, J. Br. Med. J. Complement. Alternative
Med. 2002, 2, 2.
42. Sriwilaijareon, N.; Petmitr, S.; Mutirangura, A.; Pongli-
kitmongkol, M.; Wilairat, P. Parasitol. Int. 2002, 51, 99.
43. Miura, N.; Yamamoto, M.; Ueki, T.; Ketani, T.; Fukuda,
K.; Komatsu, Y. Biochem. Pharmacol. 1997, 53, 1315.
44. Fukuda, K.; Hibira, Y.; Mutoh, M.; Koshiji, M.; Akao,
S.; Fujiwara, H. J. Ethanopharmacol. 1999, 66, 227.
45. Pilch, D. S.; Yu, C.; Makhey, D.; La Voic, E. J.; Sri-
nivasan, A. R.; Olson, W. K.; Sauers, R. R.; Breslauer,
K. J.; Geacintov, N. E.; Liu, L. F. Biochemistry 1997, 36,
12542.
G. S. Kumar et al. / Bioorg. Med. Chem. 11 (2003) 4861–4870 4869



46. Sun, A. K.; Kwon, Y.; Kim, J. H.; Muller, M. T.; Cheng,
I. K. Biochemistry 1998, 37, 16316.
47. Li, T. K.; Bathory, E.; La Voie, E. J.; Srinivasan, A. R.;
Olson, W. K.; Sauers, R. R.; Liu, L. F.; Pilch, D. S. Biochem-
istry 2000, 39, 7107.
48. Krishnan, P.; Bastow, K. F. Anti-Cancer Drug Des. 2000,
15, 255.
49. Wu, H. L.; Hsu, C. Y.; Liu, W. H.; Yung, B. Y. M. Int. J.
Cancer 1999, 81, 293.
50. Davidson, M. W.; Lopp, I.; Alexander, S.; Wilson, W. D.
Nucleic Acids Res. 1977, 4, 2697.
51. Maiti, M.; Chaudhuri, K. Indian J. Biochem. Biophys.
1981, 18, 245.
52. Debnath, D.; Kumar, G. S.; Nandi, R.; Maiti, M. Indian
J. Biochem. Biophys. 1989, 26, 201.
53. Debnath, D.; Kumar, G. S.; Maiti, M. J. Biomol. Struct.
Dyn. 1991, 9, 61.
54. Saran, A.; Srivastava, S.; Coutinhho, E.; Maiti, M. Indian
J. Biochem. Biophys. 1995, 32, 74.
55. Mazzini, S.; Bellucci, M. C.; Mondelli, R. Bioorg. Med.
Chem. 2003, 11, 505.
56. McGhee, J. D.; von Hippel, P. H. J. Mol. Biol. 1974, 86, 469.
57. Ray, A.; Maiti, M.; Nandy, A. Comput. Biol. Med. 1996,
26, 497.
58. Marck, C.; Thiele, D.; Schneider, C.; Guschlbauer, W.
Nucleic Acids Res. 1978, 5, 1979.
59. Gray, D. M.; Ratliff, R. L.; Anato, V. P.; Gray, C. W. Struc-
ture and Expression. In DNA and Its Complexes, Sarma, R. H.,
Sarma, M. H., Eds.; Adenine: New York, 1987 , Vol. 2.
60. Kilpatrick, M.; Torri, A.; Kang, D.; Engler, J.; Wells, R.
J. Biol. Chem. 1986, 261, 11350.
61. Johnson, B. H. Science 1988, 241, 1800.
62. Htun, H.; Dahlberg, J. Science 1988, 241, 1791.
63. Hartman, K. A.; Rich, A. J. Am. Chem. Soc. 1965, 87,
2033.
64. Inman, R. B. J. Mol. Biol. 1964, 9, 624.
65. Gehring, K.; Leroy, J. L.; Gueron, M. Nature 1993, 363,
561.
66. Singh, S.; Patel, P. K.; Hosur, R. V. Biochemistry 1997,
36, 13214.
67. Wang, Y.; Patel, D. J. J. Mol. Biol. 1994, 242, 508.
68. Mosur, H. E.; Dervan, P. B. Science 1987, 238, 645.
69. Brown, D. M.; Gray, D. M.; Patrick, M. H.; Ratliff, R. L.
Biochemistry 1985, 24, 1676.
70. Ray, A.; Kumar, G. S.; Das, S.; Maiti, M. Biochemistry
1999, 38, 6239.
71. Narasimhan, V.; Bryan, A. M. FEBS Lett. 1975, 54, 49.
72. Edwards, E. L.; Ratliff, R. L.; Gray, D. M. Biochemistry
1988, 27, 5166.
73. Debnath, D. PhD Thesis, Calcutta University, 1992.
74. Lyng, R.; Hard, T.; Norden, B. Biopolymers 1987, 21, 175.
75. Monnot, M.; Mauffret, O.; Lescot, E.; Fermandjian, S.
Eur. J. Biochem. 1992, 204, 1035.
76. Sen, A.; Ray, A.; Maiti, M. Biophys. Chem. 1996, 59, 155.
77. Nandi, R.; Chakraborty, S.; Maiti, M. Biochemistry 1991,
30, 3715.
78. Maiti, M.; Nandi, R.; Chaudhuri, K. FEBS Lett. 1982,
142, 280.
4870 G. S. Kumar et al. / Bioorg. Med. Chem. 11 (2003) 4861–4870


	Protonated forms of poly[d(G-C)] and poly(dG).poly(dC) and Their interaction with berberine
	Introduction
	Results
	CD and UV spectral changes of hetero- and homo-polymer of G.C under the influence of pH
	Binding of berberine to HL-form of hetero-polymer and protonated form of homo-polymer of G.C
	Binding of berberine to the Z-form of hetero-polymer of G.C
	Extrinsic CD studies of berberine with HL-form of —hetero-polymer and protonated form of homo-polymer of G.C
	Absorption spectral study
	Thermal melting study
	Fluorescence spectral study

	Discussion
	Materials and methods
	Formation of left-handed Z-, left-handed HL and protonated structures
	Absorbance spectral studies
	Evaluation of binding parameters
	Circular dichroism
	Fluorescence spectroscopy
	Thermal denaturation measurements

	Acknowledgements
	References and Notes


