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Abstract

Ethidium bromide (EB), acridine orange (AO), methylene blue (MB) and other fluorescent compounds are often used to probe DNA
structure in drug–DNA and protein–DNA interactions. They bind nucleic acids via intercalative mode and cause major changes to
DNA and RNA structures. The aim of this study was to examine the stability and structural features of calf-thymus DNA complexes with
EB, AO and MB in aqueous solution, using constant DNA concentration (12.5 mM) and various pigment/DNA(P) ratios of 1/40, 1/20, 1/
10, 1/4 and 1/2. FTIR, UV–visible spectroscopy and isothermal titration calorimetry (ITC) are used to determine the ligand intercalation
and external binding modes, the binding constant and the stability of pigment–DNA complexes in aqueous solution. Structural analysis
showed major intercalation of EB, AO and MB into polynucleotides G–C and A–T base pairs with minor external binding and overall bind-
ing constants of KEB = 6.58 · 104 M�1, KAO = 2.69 · 104 M�1 and KMB = 2.13 ·104 M�1. The overall binding constants estimated by UV–
visible spectroscopy are consistent with thermodynamic data obtained by ITC, which showed DH(EB) = �13.58 kJ/mol,
DH(AO) = �14.63 kJ/mol and DH(MB) = �13.87 kJ/mol with dissociation constants of KEB = 15 lM, KAO = 36 lM and KMB = 46 lM.
� 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Ethidium bromide [(3,8-diamino-5-ethyl-6-phenyl phe-
nanthridinium bromide)], acridine orange [3,6-bis(dimeth-
yl)acridinium chloride hemi(zinc chloride salt)], methylene
blue [3,7-bis(dimethylamino)pheno-thrazin-5-ium chloride]
and similar fluorescent compounds are normally used to
probe DNA structure in drug–DNA and protein–DNA
interactions [1]. They bind DNA and RNA via intercala-
tive mode and slip between adjacent base pairs and cause
stretch of double helical structure [1–7]. The binding of
these pigments to double-stranded DNA greatly enhances
its fluorescence intensity and lifetime [8–11] and inhibits a
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wide range of biologically important processes, such as
DNA synthesis and gene transcription and translation
[12,13]. It has been reported that EB shows significant anti-
tumor [14,15] and anti-viral properties [16,17]. These activ-
ities are consequence of high affinity of ethidium for DNA
duplex [18–22]. The pigment base stacking propensity and
intercalation site specificity depend upon electrostatic inter-
actions [23,24]. Electrostatic complementation is an impor-
tant factor in p-stacking interactions [25–27]. Most carbon
and hydrogen atoms in dye have relatively high electron
densities and will exhibit energetically favorable p-stacking
interactions with nucleobase pairs [25,26,28,29]. The partial
positive charge on ethidium exocyclic amines is important
for mediating electrostatic attraction and hydrogen bond-
ing interactions with DNA phosphate groups and may
strengthen their hydrogen bonding with DNA phosphate
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groups [2]. The phosphate and amino groups are within
hydrogen bonding distances in a crystal structure of ethi-
dium intercalated into nucleotide diphosphates [2].

Methylene blue is the most widely used photosensitizing
agent and alternative to ethidium bromide. The exact mode
of binding of MB to DNA duplex is unknown but its ionic
interaction with negatively charged backbone PO2 groups
can cause photo-oxidative damages generating singlet oxy-
gen through a triplet–triplet energy transfer from the
photoexcited dye to molecular oxygen [30,31]. In case of
MB binding to DNA with alternating G–C base sequence,
the spectroscopic data clearly indicated intercalation of the
planar heterocyclic MB between neighboring base pairs
[32–35], whereas in the case of binding to DNA with alter-
nating base sequences, minor groove binding is assumed to
be the predominant binding mode [32,35–38]. The planar
heterocyclic dye is expected to stabilize its binding to
DNA through favorable stacking interactions with its adja-
cent base pairs [30].

Acridine orange has also been used as a fluorescent
agent for nucleic acids in agarose and polyacrylamide gels.
It has been used extensively for cell staining of DNA in
apoptosis studies. It binds DNA via intercalation and sta-
bilizes pigment–DNA complexes through charge neutral-
ization of DNA backbone phosphate group.

We now report the results of our study on the structural
analysis of EB, AO and MB complexes with calf-thymus
DNA in aqueous solution, using FTIR, UV–visible spec-
troscopic methods and microcalorimetric measurements.
The pigment intercalation and external binding with
DNA duplex have been discussed and the stability of
dye–DNA complexes formed is reported here.

2. Methods and materials

2.1. Materials

Highly polymerized type I calf-thymus DNA sodium
salt (7% Na content) was purchased from Sigma Chemical
Co. and was deproteinated by the addition of CHCl3 and
isoamyl alcohol in NaCl solution. Acridine orange, methy-
lene blue and ethidium bromide were obtained from Merck
Co. and used as supplied. Other chemicals were of reagent
grade and used without further purification.

2.2. Preparation of stock solutions

Na-DNA was dissolved to 0.5% w/w, (12.5 mM DNA/
phosphate) in 0.1 M NaCl and 1 mM sodium cocodylate
(pH 7.30) at 5 �C for 24 h with occasional stirring to ensure
formation of homogeneous solution. The solutions of acri-
dine orange, methylene blue and ethidium bromide at differ-
ent concentrations (2.5, 1.25, 0.625, 0.312 mM) were also
prepared. Mixtures of drug and DNA were prepared by
adding acridine orange, methylene blue or ethidium bro-
mide dropwise to the DNA solution with constant stirring
to give the desired drug/DNA molar ratios of 1/40, 1/20,
1/10, 1/4 and 1/2 at a final DNA concentration of 0.25%
w/w or 6.25 mM DNA. Solution pH was adjusted between
6 and 7 with NaOH solution (0.1 M). The IR spectra were
recorded 3 h after initial mixing of drug and DNA solutions.

2.3. Absorption spectroscopy

The absorption spectra were recorded on a LKB model
4054 UV–vis spectrometer, using various pigment concen-
trations (5 lM to 0.05 mM) and DNA concentration of
0.1 mM.

2.4. FTIR spectroscopic measurements

Infrared spectra were recorded on a BOMEM-DA3 with
a HgCdTe detector and KBr beam splitter. Solution spec-
tra were taken using AgBr windows with resolution of
4 cm�1 and 100 scans. Each set of infrared spectra was tak-
en (three times). The water subtraction was carried out
with 0.1 mM NaCl solution used as a reference at pH
6.5–7.5 [39]. A good subtraction was achieved as shown
by a flat baseline around 2200 cm�1 where the water com-
bination mode is located. The spectra were analyzed with
OMNIC software. The FTIR difference spectra [(DNA
solution + pigment solution) � (DNA solution)] were pro-
duced, using the band at 968 cm�1 as internal reference.
This band is due to the sugar C–C stretching modes and
shows no spectral changes upon dye complexation. The
intensity ratio variations of several DNA in-plane vibra-
tions related to A–T and G–C base pairs as well as the
backbone PO2 stretching were measured with respect to
the reference band at 968 cm�1 as a function of drug con-
centrations with an error of ±3%. These intensity ratios
were used to determine drug binding to DNA bases or
the backbone phosphate groups [40–45].

2.5. Isothermal titration calorimetry

The isothermal titration microcalorimetric experiments
were performed with Thermal Activity Monitor 2277, Ther-
mometric, Sweden. Ligand solution (30 mM) was injected
by use of a Hamilton syringe into the calorimetric stirred
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titration stainless steel vessel, which contained 1.8 ml DNA
(50 lM). The injection volume in each step was 10 lL. Thin
(0.15 mm inner diameter) stainless steel hypodermic nee-
dles, permanently fixed to the syringe, reached directly into
the calorimetric vessel. The calorimetric signal was mea-
sured by a digital voltmeter that was part of a computerized
recording system. The heat of each injection was calculated
by the ‘‘Thermometric Digitam 3’’ software program. The
heat of dilution of the ligand solution was measured as
described above except that DNA was excluded. Also, the
heat of dilution of DNA solution was measured as
described above except the buffer solution was injected to
the DNA solution in the sample cell. The enthalpies of dilu-
tion for ligand and DNA solutions were subtracted from
the enthalpy of DNA–ligand interaction. The microcalo-
rimeter was frequently calibrated electrically during the
course of the study.
Fig. 1. (A) FTIR spectra and different spectra of calf-thymus DNA and its
different pigment/DNA(P) molar ratios and (B) the intensity ratio variations for
1222 cm�1 (PO2 stretch) as a function of pigment concentrations.
3. Results and discussion

3.1. FTIR spectra

To examine the interaction of calf-thymus DNA with
pigments, the infrared spectra of DNA and its dye com-
plexes with various molar ratios of the dye/DNA (phos-
phate) were recorded. Evidence for pigment–DNA
complexation comes from the infrared spectroscopic results
shown in Figs. 1–3.

3.2. Methylene blue–DNA adduct

The spectral changes (intensity and shifting) of several
prominent DNA in-plane vibrations at 1717 cm�1 (G, T),
1663 cm�1 (T, G, A and C), 1609 cm�1 (A, C), 1492 cm�1

(C, G) and 1222 cm�1 (PO2 asymmetric stretch) [39–49]
complexes with methylene blue (MB) in the region of 1800–600 cm�1 at
several DNA vibrations 1717 (G), 1663 (T), 1609 (A), 1492 (C and G) and



Fig. 2. (A) FTIR spectra and different spectra of calf-thymus DNA and its complexes with acridine orange (AO) in the region of 1800–600 cm�1 at
different pigment/DNA(P) molar ratios and (B) The intensity ratio variations for several DNA vibrations 1717 (G), 1663 (T), 1609 (A), 1492 (C and G)
and 1222 cm�1 (PO2 stretch) as a function of pigment concentrations.
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were monitored at different dye–DNA molar ratios and
the results are shown in Fig. 1. Evidence for MB interca-
lation into DNA base pairs comes from minor intensity
increase of DNA in-plane vibrations at 1717 (G), 1663
(T), 1609 (A), and 1222 cm�1 (PO2 asymmetric stretch)
upon pigment interaction (Fig. 1A and B). The major
shifting of the band at 1717 (G) to 1713 cm�1 is indicative
of dye intercalation mainly into the G–C base pairs
(Fig. 1A). However, the thymine band at 1663 cm�1

exhibited no shifting upon dye complexation. The adenine
band at 1609 cm�1 was overlapped with strong pigment
absorption band at 1600 cm�1, which makes it difficult
to draw a certain conclusion on the nature of dye interac-
tion with A–T bases (Fig. 1A). At high MB concentra-
tions r > 1/10, a major increase in intensity of guanine
band at 1717 cm�1 was observed with the shifting of this
vibration to 1712 cm�1, which is indicative of some degree
of MB external binding to guanine bases (Fig. 1A).
However, the shifting of the PO2 asymmetric band at
1222–1224 cm�1 with some increase in intensity of this
vibration is due to MB interaction with the backbone
PO2 groups (Fig. 1A and B).

3.3. Acridine orange–DNA adduct

Evidence for intercalation of acridine orange into
DNA base pairs comes from minor intensity increase of
DNA vibrations at 1717 (G) and 1222 cm�1 (PO2 stretch)
upon dye complexation (Fig. 2A and B). The increase in
intensity of the band at 1717 cm�1 was associated with a
major shifting of this band towards lower frequency at
1712 cm�1. The spectral changes (intensity and shifting)
guanine band at 1717 cm�1 are indicative of AO interca-
lation mainly to the G–C base pairs, while the major
intensity increase of the phosphate band at 1222 cm�1

can be due to AO–PO2 interaction (externally). However,
due to overlapping of the thymine band at 1663 and ade-
nine band at 1609 cm�1 with pigment vibrations, it was



Fig. 3. (A) FTIR spectra and different spectra of calf-thymus DNA and its complexes with ethidium bromide (EB) in the region of 1800–600 cm�1 at
different pigment/DNA(P) molar ratios and (B) The intensity ratio variations for several DNA vibrations 1717 (G), 1663 (T), 1609 (A), 1492 (C and G)
and 1222 cm�1 (PO2 stretch) as a function of pigment concentrations.
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difficult to draw a certain conclusion on the pigment
binding to A–T bases (Fig. 2A). At high AO concentra-
tions r > 1/10, a major increase in intensity of the guanine
band at 1717 cm�1was observed which is indicative of
some degree of AO external binding to guanine bases
(Fig. 2B).

3.4. Ethidium bromide–DNA adduct

EB is a strong DNA binder and has been widely used to
probe DNA structure upon drug or protein interaction.
Evidence for EB intercalation comes from major intensity
increase for DNA in-plane vibrations at 1717 (G), 1663
(T), 1609 (A) and the PO2 band at 1222 cm�1 upon pig-
ment adduct formation (Fig. 3A and B). The increase in
intensity of these vibrations together with major shifting
of the guanine band at 1717–1712, thymine band at
1663–1662 and adenine band at 1609–1605 cm�1 are due
to EB intercalation into the G–C and A–T base pairs
(Fig. 3A and B). On the other hand, the major intensity
increase of the phosphate band at 1222 and the shifting
to 1227 cm�1 are related to the EB–PO2 interaction (exter-
nal binding). It is important to note that the pigment–PO2

binding continues even at high EB concentrations (r = 1/
4), due to the major intensity increase of the backbone
PO2 band at 1222 cm�1 (Fig. 3B).

3.5. DNA conformation

A partial B to A transition occurred upon pigment com-
plexation. Evidence for this comes from the shift of DNA
marker infrared bands for the guanine at 1717 (G) to
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their dye complexes where A0 is the initial absorption of DNA (260 nm)
and A is the recorded absorption at different pigment concentrations (L).
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1713–1710 cm�1, the phosphate at 1222 to 1227–1224 cm�1

and the phosphate-ribose diester linkage at 841 to
836–835 cm�1 in the spectra of pigment–DNA complexes
(Figs. 1A, 2A and 3A). In a B to A transition, the band
at 836 appears at about 820–810 cm�1, while the PO2

stretching vibration at 1222 shifts towards a higher fre-
quency at 1240 cm�1 and the guanine band at 1717 appears
at 1700 cm�1 [46–48]. The spectral changes observed for
the DNA marker bands are due to a partial B to A transi-
tion upon MB, AO and EB interactions (Figs. 1A, 2A
and 3A).

3.6. Absorption spectra of methylene blue, acridine orange,
ethidium bromide–DNA complexes

3.6.1. Stability of pigment–DNA adducts

The calculation of the overall binding constants was car-
ried out using UV spectroscopy as reported [49–53]. If the
equilibrium for each drug with DNA were established as

DrugþDNA() Drug : DNA

K ¼ ½Drug : DNA�
½Drug�½DNA�

The double reciprocal plot of 1/[drug complexed] vs. 1/
[drug] is linear and the association binding constant (K)
is calculated from the ratio of the intercept on the vertical
coordinate axis to the slope [50–53] (Fig. 4). Concentra-
tions of complexed drug were determined by subtracting
absorbance of uncomplexed DNA at 260 nm from that of
the complexed DNA. Concentrations of drugs were deter-
mined by subtraction of complexed drug from total drug
used for the experiment. Our data of 1/[drug complexed]
almost proportionally increased as a function of 1/[free
drug] (Fig. 4), and thus, the overall binding constants are
estimated to be K(methylene blue–DNA) = 2.13 · 104 M�1

for methylene blue–DNA, K(acridine orange–
DNA) = 2.69 · 104 M�1 for acridine orange and K(ethi-
dium bromide–DNA) = 6.58 · 104 M�1 for ethidium bro-
mide–DNA complexes. A larger K value is estimated for
ethidium bromide–DNA, because ethidium bromide pro-
vides greater accessibility for DNA binding rather than
methylene blue and acridine orange. Similar association
constants were reported for DNA complexes with different
drugs [54–57].

3.7. Macrocalorimetry

3.7.1. Thermodynamics and stability of pigment–DNA-

adducts

The data obtained from isothermal titration microcal-
orimetry of DNA interaction with ligand are shown in
Fig. 5. Fig. 5a shows the heat of each injection and
Fig. 5b shows the heat related to each total concentration
of ligand. To obtain the dissociation equilibrium constant
(Kd) and the molar enthalpy of binding (DH), a simple
graphical fitting method is used for calorimetric data anal-
ysis according to the equation [58–62]:

DH ¼ 1=AifðBi þ KdÞ � ½ðBi þ KdÞ2 � Ci�1=2g ð1Þ
where

Ai ¼ V i=2Qi
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Ci ¼ 4½DNA�total½Ligand�total

where Vi is the volume of the reaction solution in the sam-
ple cell and Qi is heat of interaction in each titration step.
So, Ai, Bi and Ci are known in each titration process.
Therefore, Eq. (1) contains two unknown parameters, Kd

and DH. A series of reasonable values for Kd is inserted
into Eq. (1) and corresponding values for DH are calculat-
ed and the graph DH versus Kd is constructed. Curves of all
titration steps will intersect in one point, which represents
the true value for DH and Kd.

The plots of DH versus K, according to Eq. (1), for first
10 injections, are shown in Fig. 6. The intersection of
curves gives:

fEBg Kd ¼ 15lM DH ¼ �13:58 kJ=mol
fAOg Kd ¼ 36lM DH ¼ �14:63 kJ=mol
fMBg Kd ¼ 46lM DH ¼ �13:87 kJ=mol
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The conformity of dissociation binding constants (Kd) ob-
tained from microcalorimetric and spectrophotometric
studies (UV) is observed.

On the basis of our spectroscopic and microcalorimeric
results the intercalation and external binding of MB, AO
and EB to DNA duplex have been concluded with the order
of overall binding constants KEB = 6.58 · 104 M�1 >
KAO = 2.69 · 104 M�1 > KMB = 2.13 · 104 M�1 and
dissociation constants of KEB = 15 lM > KAO = 36 lM >
KMB = 46 lM. The pigment interaction induced a partial
B-DNA to A-DNA conformational transition.
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