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Abstract

The interaction of neutral red (NR) with calf thymus DNA (CT DNA) was investigated by spectrometric (UV-vis, circular dichroism and

fluorescence) and voltammetric techniques. It was shown that the interaction of NR with DNA depended on the values of R (R is defined as

the ratio of the concentration of NR to that of CT DNA) and pH of the solution. NR intercalated into CT DNA base pairs at lower R value

(R <2.4) and following by NR aggregating along the helical surface of DNA at higher R value (R >2.4) in pH 6.0 solution. Interestingly, we

found that at lower R value, NR intercalated into CT DNAwith its long axis perpendicular or parallel to the dyad axis of DNA in the solution

of pH 6.0. While in pH 7.0 solution, NR bound with CT DNA through intercalation and electrostatic interactions. The electrochemical

inactive complexes, NR-2CT DNA, 3NR-CT DNA, and NR-CT DNAwere formed when NR interacted with nucleic acids in pH 6.0 and 7.2

solutions, respectively. The corresponding intrinsic binding constants for these complexes were obtained by UV-vis and fluorescence

spectrometric methods, respectively. The CD spectra showed that the conformation of CT DNAwas converted from right-handed B-DNA to

left-handed Z-DNA due to the aggregating of NR along the surface of DNA in pH 6.0 solution, whereas a conversion from B-DNA to C-

DNA was induced due to the interaction of DNA with NR in pH 7.2 solution. Finally, two binding modes of NR with CT DNA in aqueous

with different values of pH were shown in the scheme.
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1. Introduction

The interactions of cationic dyes with synthetic and

natural nucleic acid have been studied widely [1–9], which

involves the studies of structure and dynamics of nucleic

acid or potential of pharmaceutical use, such as, DNA

intercalating agents disrupt the normal function of cellular

DNA and can lead to interfere with gene expression, gene

transcription, mutagenesis, carcinogenesis, and cell death

[10,11]. The interaction has been studied using various

spectrometric techniques [1–9], such as NMR, ESR, circular

dichroism (CD), fluorescence, resonance Raman, UV-visible

and Fourier transform infrared (FTIR) spectroscopy, and also
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electrochemical method [12,13]. Among these spectra, the

signals of the absorption and induced CD (ICD) spectra of

small molecules bound to nucleic acid provide conveniently

a signature for the binding mode to DNA [5,6,14].

NR is a basic azine dye whose chemical structure shows

interesting similarities with other planar cationic dyes

belonging to the acridine, thiazine, and xanthene groups

[15–17], and has been applied to assay of nucleic acid [17].

Moreover, NR is an efficient anticancer drug of parent

compound targeted to DNA [18]. Although there are already

some research performed on the studying of the binding of

DNA with NR [19,20]. But, to the best of our information,

the interaction of NR with DNA, and the extent and nature

of NR induced alterations in DNA structure have not been

studied thoroughly. Especially, NR has pH dependent

structural equilibrium between the protonated form (acid

form) and the alkanolamine form (neutral form) as revealed
118 (2005) 42 – 50
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by UV-visible spectroscopy [16], so its interaction mecha-

nisms with DNA should be different in different pH

solutions.

Thus, in this paper, combining sensitive spectrometric

and voltammetric techniques, the interactions of DNA with

NR in different pH phosphate buffer solutions have been

studied in detail. Our results showed that binding of NR

with CT DNA accompanied with DNA conformational

changes was sensitive to the concentration ratio of the two

complexes and the pH value of the solution. Our results also

provided the information about the interaction mechanism

of biological probe with DNA.
2. Experiment

2.1. Materials

Calf thymus DNA (CT DNA) was obtained from Sigma

Chemical Co. (USA), and used as received. Stock solution

of DNA was prepared by dissolving nucleic acids in buffer

solution, stored at 4 -C more than 24 h with gentle shaking

occasionally to get homogeneity, and used within 2 days.

The concentrations of CT DNA per nucleotide phosphate

([DNA]) were calculated according to the absorbance at 260

nm by using e DNA=6600 M�1 cm�1. Neutral red was

bought from Shanghai No.1 Chemical Co. (Shanghai,

China), and used after recrystallization from ethanol.

Phosphate buffer solutions (PBS) with different ionic

strength used in all experiments were prepared by Na2H-

PO4I12H2O, NaH2PO4I2H2O, NaCl (analytical grade), and

doubly purified water from Milli-Q system. The pH of each

solution was measured before experiment.

2.2. Methods

Cyclic voltammograms were recorded using Mode 630

electrochemical analyzer (CH Instrument, U.S.A.) with a

home-made electrochemical cell. A glassy carbon electrode

(GCE) was used as the working electrode, a twisted

platinum wire as auxiliary electrode, and a Ag/AgCl

(saturated KCl) as the reference electrode. Before experi-

ment, the GCE was mechanically polished with 1.0, 0.3, and

0.05 Am a-Al2O3 slurry, successively, and then washed

ultrasonically in water followed by ethanol for a few

minutes at each step.

UV-vis absorbance spectra were measured with Cary 500

UV-vis-NIR spectrometer (Varian Co., USA) using a 1 cm

path length cell and the fluorescence spectra were recorded

on a PerkinElmer LS-55 luminescence spectrometer. The

absorption and fluorescence quenching titrations with DNA

were performed by keeping the NR concentration constant

and varying the nucleic acid concentrations. This was done

by adding different concentrations of DNA into appropriate

amount of NR, while maintaining the total volume of the

solution constant. Fluorescence emission spectra were
recorded in the wavelength range of 550–750 nm by

exciting the NR at 537 and 462 nm in pH 6.0 and 7.2 PBS,

respectively, with the excitation and emission slit widths of

10 nm. The intrinsic binding constants of NR with CT DNA

were determined by absorption and fluorescence titrations,

respectively. In case of the former, the absorbance at kmax is

recorded after each addition of nucleic acid. The intrinsic

binding constant Ka is determined by Eq. (1) [21]:

C=Dea ¼ C=De þ 1= DeKað Þ ð1Þ

Where C is the concentration of CT DNA, Dea= [ea� ef],
De=[eb� ef], and ea, eb and ef correspond to the apparent

extinction coefficient of NR, the extinction coefficient of

binding form of NR and free NR, respectively. In

fluorescence quenching experiments, the data were plotted

according to the Stern–Volmer equation [2]

I0=I ¼ 1þ Kq Q½ �: ð2Þ

Where, I0 and I are the fluorescence intensities in the

absence and presence of DNA, respectively. Kq is the

Stern–Volmer fluorescence quenching constant. [Q] is the

concentration of quencher. Because it is the static quenching

of DNA to NR, the quenching constant is considered as the

formation constant of NR and DNA [20], i.e., the binding

constant of NR with DNA.

Circular dichroism spectra were measured using a 62A

DS CD spectrometer (AVIV, USA) with a 1.0 cm path

length rectangular quartz cell controlled by a thermoelectric

cell holder (AVIV). The CD absorption titrations of CT

DNAwith NR were conducted by keeping the concentration

of CT DNA constant, and varying concentrations of NR.

The induced CD absorption titrations of NR with CT DNA

were conducted by keeping the concentration of NR

constant, and varying concentrations of nucleic acid.
3. Results and discussion

3.1. Voltammetric behavior of CT DNA-NR complexes

The interactions of NR with CT DNA in different pH

solutions were monitored with cyclic voltammetry (CV).

Shown in Fig. 1A and B the free NR exhibits one couple of

redox peaks with E1 / 2= (Epa+Epc) /2=�0.57 V (Fig. 1A,

curve 1) and �0.5 V (Fig. 1B, curve 1) in pH 7.2 and 6.0

solutions, respectively. In the presence of CT DNA, no new

redox peaks appear and the peak currents decrease with the

increasing of the concentration of CT DNA, indicating that

NR interacting with CT DNA forms an electrochemically

inactive complex. Comparing with Fig. 1A and B, at the

same concentration of CT DNA, the decrease of the redox

peak currents of NR are larger in pH 6.0 solution than that in

pH 7.2 solution, indicating that acidic form of NR facilitates

the interaction of DNAwith NR. When the concentration of
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Fig. 1. (A) Cyclic voltammograms of 1.1�10�5 M NR in 0.1M PBS (pH 7.2) in the presence of (1) 0, (2) 0.11, (3) 0.22, (4) 0.5 mg/ml CT DNA. (B) Cyclic

voltammograms of 1.1�10�5 M NR in 0.1M PBS (pH 6.0) in the presence of (1) 0, (2) 0.11, (3) 0.22, (4) 0.5 mg/ml CT DNA.

X. Jiang et al. / Biophysical Chemistry 118 (2005) 42–5044
CT DNA is kept constant and that of NR varied, according

to the reported method [12],

DNA þ nNR†DNA � nNR ð3Þ
the equilibrium constant is expressed as,

bsV ¼ DNA� nNR½ �ð Þ= DNA½ � NR½ �nð Þ ð4Þ
then n can be obtained according to,

lg DI= DIMAX � DIð Þð Þ ¼ lgbsVþ nlg NR½ �ð Þ ð5Þ
here I represents the cathodic peak current Ipc.

The plot of lg(DI / (DIMAX�DI)) vs. lg[NR] shows a

linear line with the slope n =0.96 in pH 7.2 solution (Fig. 2A),
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Fig. 2. (A) Relationship between lg[DI / (DIMAX�DI)] and lg[NR] in pH 7.2 PBS

and lg[NR] in pH 6.0 PBS, CT DNA 5.51�10�4 M.
indicating the interaction of DNAwith NR can form a single

complex, NR-CT DNA. However, a non-linear relationship

between lg(DI / (DIMAX�DI)) and lg[NR] is obtained in pH

6.0 solution (Fig. 2B). Two n values of 0.58 at lower R and

3.3 at higher R are obtained, showing formation of two kinds

of complexes, NR-2CT DNA and 3NR-CT DNA.

3.2. Spectroscopy study

3.2.1. Electronic absorption spectroscopy study

Fig. 3A and B shows the electronic absorption spectra of

NR after addition of different concentrations of DNA in pH
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Fig. 3. (A) Absorption of 3.0�10�5 M NR in 0.1 M PBS (pH 7.2) after addition of CT DNA. The values of R are (1) the concentration of CT DNA is 0, (2)

3.7, (3) 1, (4) 0.7, (5) 0.5, (6) 0.3, (7) 0.2, (8) 0.1, (9) 0.06. (B) Absorption of 3.0�10�5 M NR in 0.1 M PBS (pH 6.0) after addition of CT DNA. The values of

R are (1) the concentration of CT DNA is 0, (2) 10, (3) 6.67, (4) 5, (5) 4, (6) 3.3, (7) 2.86, (8) 2.4, (9) 2, (10) 1.6, (11) 1, (12) 0.8, (13) 0.57, (14) 0.44, (15) 0.36.
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7.2 (A) and pH 6.0 (B) PBS, respectively. As reported [21],

a stronger absorption at 463 nm for neutral form NR and a

weaker absorption at 522 nm for acidic form NR can be

seen (Fig. 3A, curve 1) in 0.1 M PBS (pH 7.2). With the R

values shifting from 3.7 to 0.06 (Fig. 3A, curve 2¨9), the

absorption intensity of NR at 463 nm decreases accom-

panied with a large bathochromic shift (¨24 nm) and a

stronger hyperchromic effect of the absorption at 522 nm,

indicating that NR behaves as an intercalator within the R

values studied in pH 7.2 PBS [1,22]. Whereas in pH 6.0

PBS, the absorbance changes of NR upon the addition of

CT DNA (Fig. 3B) are distinctly different from those in pH

7.2 PBS. It can be seen that the changes of spectra depend

on the value of R. At higher R value (Fig. 3B, curve 2¨8),

the interaction of NR with increasing concentration of CT

DNA produces a hypochromicity but without any obvious

shift of the maximum wavelength (kmax) of NR at R	2.4,

while at lower R value (Fig. 3B, curve 9¨15), the

absorption at kmax increases with a red-shift (¨13 nm)

from 526 to 539 nm. The subsequent spectra changes related

with the R values reflect that the binding mode of NR with

CT DNA is dependent on the ratio of the two compounds in

pH 6.0 PBS. NR is aggregated on the surface of CT DNA

helix [1,5,6,22–25] at higher R value, and intercalates into

CT DNA base pairs [1,22,25] at lower R value.

According to Eq. (1) and the absorption of NR after

addition of different concentrations of CT DNA, the plots of

C /Dea vs. CDNA in pH 7.2 (Fig. 4A) and pH 6.0 (Fig. 4B)

PBS can be drawn, respectively. The plot of C /Dea vs.

CDNA exhibits a linear line in pH 7.2 PBS, while, two linear

lines are obtained in pH 6.0 PBS, which also indicates that

the interaction mode of NR with CT DNA depends on the

value of the solution pH. According to the linear regression

equation, the intrinsic binding constants, 1.0�105 for pH
7.2 and 1.3�105, 6.2�103, for pH 6.0 at R >2.4 (Fig. 4B,

curve a) and R <2.4 (Fig. 4B, curve b) are obtained,

respectively. Such binding constants are consistent with that

of the similar type of molecules, such as acridine orange and

safranine T [2]. The value of 6.2�103 for pH 6.0 at R< 2.4

is relatively smaller, which may due to the steric effect

caused by the substituted group on the azine plane [2].

3.2.2. Fluorescence spectroscopy study

The interactions of NR with CT DNA in different pH

solutions were also monitored by changes in the intrinsic

fluorescence of NR at varying DNA concentrations. Fig. 5A

and B shows the representative fluorescence emission

spectra of NR upon addition of CT DNA in pH 7.2 (A)

and pH 6.0 (B) PBS, respectively. It can be seen from Fig.

5(A) that the fluorescence intensity increases with decreas-

ing of R values from 7.39 to 0.048 accompanied with the

blue shift of the emission maximum (kem, max) from 632 to

625 nm in pH 7.2 PBS. Obviously, NR binding to DNA can

change the average local environment of NR chromophores

[29]. However, the change of the R value has different

effects on the fluorescence intensity of NR in pH 6.0 PBS

(Fig. 5B). The fluorescence of NR is efficiently quenched

by CT DNA at R	2.86. Then, the fluorescence intensity

increases upon continually decreasing of R values but

without any perceptible shifts in fluorescence kem, max. This

further proves that the binding mode of NR with CT DNA is

affected by the values of pH and R. Considering the results

obtained by UV-vis spectra, the aggregation of NR on the

surface of CT DNA helix reduces the intrinsic fluorescence

of NR, whereas the intercalation makes its fluorescence

increase in intensity. This may be due to the masking or

exposure of NR chromophores upon aggregation of NR on

the surface of CT DNA or intercalation into CT DNA base
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pairs [30]. The Stern–Volmer plots provide the binding

constants as 4.6�105 for pH 7.2 (Fig. 6A), 1.5�105 for pH

6.0 at R >2.86 (Fig. 6B, curve a), and 1.6�103 at R <2.86

(Fig. 6B, curve b), respectively.

3.2.3. CD spectroscopy study

The ICD of NR can provide the important information

for identifying the binding mode of NR with CT DNA.

Free NR has no intrinsic CD activity, while, the ICD

activity may appear upon binding to CT DNA as shown in

Fig. 7A and B. Fig. 7(A) shows the ICD spectrum of NR

with one small negative band at 519 nm at R =0.1 in pH

7.2 PBS.
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According to the reported results, an intercalated

chromophore centered near the helix axis of DNA should

exhibit negative ICD for a transition polarized perpendicular

to the long axis of the base pair [1,5,6,19,22–28], so the

intercalation is a binding mode in the system. But the small

ICD band implies that another binding mode also exists in

the system, such as electrostatic interaction because this

interaction gives no ICD signal. To determine the contribu-

tion of electrostatic interaction in the overall binding of NR

with CT DNA, the absorption spectra of NR-CT DNA

complex (R =0.1) were measured in solutions of varying

ionic strengths (Fig. 7A, insert). The results show that the

absorption intensity decreases with small blue shift upon
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increasing of NaCl concentration, indicating the presence of

electrostatic interaction force in the NR-CT DNA complex

[2] in pH 7.2 PBS. Fig. 7B shows the ICD spectra of NR in

pH 6.0 PBS. Two ICD bands, a positive band at 477 nm and

a negative band at 524 nm, are observed in the ICD

spectrum at R =3, just like an exciton CD spectrum (Fig. 7B

curve b). Such an exciton CD can be explained as, one

partially intercalated NR molecule could couple with second

externally bound NR molecule, which interacts with the first

intercalated NR to form an aggregating complex that

stacking along the surface of helix [11,5,6,19,22–28] at

higher value of R. When R value decreases to 0.1, the
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negative peak decreases with small blue shift and a positive

band appears at 574 nm, resembling the exciton-like

spectrum (Fig. 7B, curve c). However, if it is a true exciton

spectrum, the chromophore arrangement may indicate

external stacking of a second ligand with the first

intercalated molecule. But this exciton-like spectrum in

our system is preserved even at lower R value, which is

inconsistent with external stacking interaction hypothesis.

Another possible explanation may involve the presence of

two different intercalation modes in intercalation pocket

[31]. Actually, an intercalated chromophore oriented with its

long axis perpendicular to the dyad axis (c =90-) will induce
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a negative Cotton peak, while the induced CD is positive

when cationic dye being oriented parallel to the dyad axis

(c =0-) of DNA double helix [25,27]. So the negative band

should correspond to an intercalation mode of NR with the

long axis perpendicular to the dyad axis (c =90-) while the

positive ICD will reflect an intercalation geometry where

NR being oriented parallel to the dyad axis (c =0-).
Fig. 8A and B shows the CD spectra of CT DNA in the

presence and absence of NR in pH 7.2 PBS (A) and pH

6.0 PBS (B), respectively. The CD spectrum of free CT

DNA (Fig. 8A, B curve a) exhibits one positive peak at

274 nm due to the base stacking and one negative band at

245 nm due to the helicity, which is the characteristic of

DNA in the right-handed B form [32,33]. Increasing the

concentration of NR (R =0.1) in CT DNA solution (pH

7.2), the intensity of positive band decreases and negative

band increases (Fig. 8A, curve b), suggesting that DNA

bound with NR induces certain conformational changes,

DNA double helix in solution is in a more helical state

belonging to C form DNA [34,35]. Double helix form

DNA is not really a rigid molecule, especially in solution,

and water molecules are important to the conformations of

DNA. The major and minor grooves are Fcoated_ by a

unimolecular layer of water molecules which interact with

the exposed C_O, N and NH functions of ribose and also

extensively solvate the phosphate backbone [36,37]. While

the NR binding to the DNA in electrostatic form, the

cationic head groups of NR also interact with the ribose

and phosphate by electrostatic attraction. There exists a

competition between water molecules and NR. So water

contents in the micro surrounding around the DNA may be

decreased. This would make the helicity of DNA become

stronger. Thus, the conformation of DNA is changed from
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change of CD spectral for DNA is induced, both of the

intensities of positive band at 274 nm and negative band at

245 nm decrease, and a new negative peak and positive

peak appear at 287 and 263 nm, respectively at R =2.5

(shown in Fig. 8B, curve c). The new CD spectrum

corresponds to the characteristic CD spectrum of Z form of

DNA. The results identify that NR induces the structural

changes of CT DNA at higher R value. In natural system

such as CT DNA, the Z form is normally escaped from

detection because the alter length of native G-C stretches

are rather small [32,33]. The BYZ transition induced by

NR is depended on the value of R. Apparently, NR binds

along the surface of CT DNA helix with aggregating,

which changes the conformation of CT DNA. The original

CD spectrum (free DNA) is partly recovered while the

ionic strength increasing from 0.1 to 0.5 M, which shows

the induced B Z transition is partly reversible. It is

reasonable to think that the outer-sphere binding of some

complexes can significantly alter the conformation of

DNA, even to the extent of reversing the helical direction

[32,33,38,39].
4. Conclusions

The present investigation provides a reliable evidence for

the binding of NR to DNA. The interaction mechanism of

NR with CT DNA was interpreted at a molecular level by

using UV-vis, CD and fluorescence spectroscopic techni-

ques in combination with voltammetric method. Two R-

dependent electrochemically inactive complexes were

formed when NR interacting with CT DNA in pH 6.0

PBS, while only one single complex was formed in pH 7.2

PBS within the investigated R values. NR intercalating into

the DNA base pairs was through two different intercalation

modes in intercalation pocket at lower R, and then followed

aggregating along the surface of helix of DNA as the

concentration of NR increasing in pH 6.0 PBS, whereas in

pH 7.2 PBS, NR binding with DNA was by intercalation

and electrostatic interactions. Though the Z form in such a

natural DNA would normally escape from detection, in this

paper, the conformation of DNA was significantly altered

that the complete conversion of B to Z form in CT DNA

could be observed while NR was aggregating along the

surface of helix of CT DNA in pH 6.0 PBS, and the C form

conformation was induced with the binding of NR into CT

DNA in pH 7.2 PBS. Scheme 1A and B illustrates the

interactions of NR with CT DNA in pH 7.2 and pH 6.0

PBS, respectively.
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