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Abstract The interaction of the phenazinium dye janus
green blue (JGB) with deoxyribonucleic acid was investi-
gated using isothermal titration calorimetry and thermal
melting experiments. The calorimetric data were supple-
mented by spectroscopic studies. Calorimetry results sug-
gested the binding affinity of the dye to DNA to be of the
order of 10° M™"'. The binding was predominantly entropy
driven with a small negative favorable enthalpy contribu-
tion to the standard molar Gibbs energy change. The
binding became weaker as the temperature and salt con-
centration was raised. The temperature dependence of the
standard molar enthalpy changes yielded negative values of
standard molar heat capacity change for the complexation
revealing substantial hydrophobic contribution in the DNA
binding. An enthalpy—entropy compensation behavior was
also observed in the system. The salt dependence of the
binding yielded the release of 0.69 number of cations on
binding of each dye molecule. The non-polyelectrolytic
contribution was found to be the predominant force in the
binding interaction. Thermal melting studies revealed that
the DNA helix was stabilized against denaturation by the
dye. The binding was also characterized by absorbance,
resonance light scattering and circular dichroism spectral
measurements. The binding constants from the spectral
results were close to those obtained from the calorimetric
data. The energetic aspects of the interaction of the dye
JGB to double-stranded DNA are supported by strong
binding revealed from the spectral data.
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Introduction

Studies on the interaction of small molecules to nucleic acids
continue to evoke considerable interest for rational drug
design leading to the development of effective therapeutic
molecules particularly anticancer and antiviral agents. In this
endeavor understanding the toxicity of such therapeutic
molecules to humans is also an important aspect that requires
serious attention and sustained investigation. A number of
small molecule dyes are useful for intravital coloration of
living cells, staining tissues and microorganisms, and con-
sequently, they are in constant interaction with tissues of the
human body. Useful application of dyes also involves sti-
mulants of epithelial growth, determination of DNA and
RNA content, detection of early invading tumors, fluores-
cence identification of microorganisms, etc. A number of
dyes of phenazinium and phenothiazinium groups have been
studied for their strong nucleic acid-binding aspects in re-
alizing their therapeutic potential [1-10].

Janus Green Blue (JGB, Fig. 1) is a dye of the azine azo
group (contains both azine and azo chromophores) used as a
vital stain in histology. It is useful for staining mitochondria
wherein a color change occurs depending upon the amount of
oxygen present [11]. It has been utilized in studies for ef-
fective and rapid staining of insect chordotonal organs and
peripheral nerves [12]. It has also been shown to be an ef-
fective agent for the transport of metal ion, particularly
Cu(Il) through liquid membrane by forming ion pair with
bulky counter anion [13]. JGB, compared to many other
dyes, has been reported to be unique for its conspicuously
higher potency against some clones of P. Falciparum, the
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Fig. 1 Chemical structure of the dye janus green blue
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malarial parasite [11]. More recently, we reported the bind-
ing of this dye to the proteins hemoglobin and myoglobin
[14]. Tts binding to duplex poly(A) was also studied in our
laboratory and was shown to involve intercalation of the dye
between the adenine—adenine base pairs [9]. The binding of
JGB with nucleic acids, particularly the DNA, has been not
yet been investigated in details. Till today there is only one
report on its DNA interaction based on the measurement of
resonance light scattering [15]. Thus, the molecular aspects
of its DNA interaction remain largely obscure although it is
very useful in staining nucleic acids [16]. In this investiga-
tion, we explored the interaction of JGB with double-s-
tranded DNA using thermochemical techniques, thermal
melting, isothermal titration calorimetry and spectroscopic
experiments. Characterization of the thermodynamics of
small molecule—DNA interactions is very useful in rational
drug design protocols [17-20]. Our interest is to provide a
detailed interaction profile of this useful dye from
calorimetry, thermal melting experiments and spectroscopy.

Experimental
Materials

Calf thymus DNA (CT DNA, highly polymerized, type I,
42 % GC content) from Sigma-Aldrich LLC (St. Louis, MO,
USA) was purified by ethanol precipitation. The sample was
sonicated to a size of about 200 base pairs and dialyzed into the
experimental buffer. The ratio of Aygy/Azgg for the DNA
sample was around 1.88 indicating the protein free nature of
the sample. DNA concentration was determined spectropho-
tometrically from the absorbance using a molar absorption
coefficient (¢) value of 13,000 M~ em™' [21] and expressed
per mole of base pairs. JGB (3-diethylamino-7-(4-dimethy-
laminophenylazo)-5-phenylphenazinium chloride (CAS No.
2869-83-2, Color Index No.11050, Molecular formula: Csq.
H3NgCl, purity >86 %) from Sigma-Aldrich was recrystal-
lized twice from alcohol and dried at 40 °C in vacuum. The
concentration of the dye was determined by an ¢ value of
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38,000 M~' em™" at 600 nm [22]. No deviation from Beer’s
law was observed for the dye in the concentration range em-
ployed here. The experimental buffer was prepared in MilliQ
water from Millipore Water System, Millipore, USA, and
filtered through 0.22-pm filters from Millipore, USA, prior to
use. All studies were done in 10 mM citrate-phosphate (CP)
buffer, pH 6.2 at 20 °C as the dye remained positively charged
at this pH. For salt-dependent studies, the buffer contained
additional [Na™] as desired. Temperature-dependent calori-
metric studies were performed at 283.15, 293.15 and
303.15 K, respectively. The buffer pH remained unchanged at
these temperatures.

Isothermal titration calorimetry

The energetics of the binding of JGB to DNA was mea-
sured by using a VP-ITC titration microcalorimeter (Mi-
croCal LLC., Northampton, MA, USA). Prior to the
titration experiment, the dye and DNA solutions were de-
gassed extensively on the thermovac unit of the calorime-
ter. The sample and reference cells of the calorimeter were
loaded with the dye solution (100 pM) and buffer, re-
spectively. Twenty-eight injections of 10 pL. each of the
DNA solution (1.5 mM) were made into the sample cell
containing the dye solution with an interval of 180 s be-
tween successive injections. Control experiments of DNA
titration into buffer and buffer into dye solution were
performed, and the heats generated were subtracted from
the dye-DNA injection heats. The corrected isotherms
showed that only one type of binding event took place. The
isotherms were analyzed using the inbuilt MicroCal ITC
software. ‘One set of sites’ model yielded the best-fitted
curve for the obtained data points. Equilibrium constant (K)
and standard molar enthalpy change (AH®°) of the asso-
ciation were obtained after fitting each isotherm to the
binding model. Standard molar Gibbs energy change (AG®)
was evaluated using the equation

AG® = —RTInK (1)
AG°= AH®° — TAS® (2)

where R is the universal gas constant (R = 8.314472 J K™!
mol ") and 7 is the temperature in Kelvin. The standard molar
entropy contribution (TAS®) was calculated from the standard
molar Gibbs energy change of the binding and standard molar
enthalpy change according to the above standard thermody-
namic relationships.

The first derivative of temperature dependence of en-
thalpy change was used for the calculation of experimental
heat capacity change by using the equation [23]

ACp™ = dAH®/OT (3)

To determine the extent of enthalpy—entropy compen-
sation, the slope of a plot of AH® versus TAS® was
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evaluated. The calorimeter was calibrated periodically us-
ing water—water and water—methanol dilution experiments
as per the protocol provided by MicroCal that the mean
energy per injection was <5.46 pJ and standard deviation
as <0.063 pl.

Optical thermal melting studies

Absorbance versus temperature curves (melting profiles) of
dye—DNA complexes that depict stabilization of the DNA
against thermal strand separation were measured on the
Shimadzu unit (Model Pharmaspec 1700) equipped with
the peltier-controlled accessory (TMSPC-8, Shimadzu
Corporation, Kyoto, Japan) as described earlier [24]. The
DNA sample (40 uM) was mixed with varying concen-
trations of the dye in the degassed buffer into the eight
chambered 1 cm path length microoptical cuvette. The
temperature of the microcell accessory was ramped at a
heating rate of 0.5 K min_l, monitoring the absorbance
change at 260 nm on the PC. The sigmoidal melting pro-
files enabled the estimation of melting temperature T}, the
midpoint temperature of the DNA denaturation process.

Spectroscopic studies

Absorption spectral measurements were taken on a Jasco V
660 double-beam double-monochromator spectropho-
tometer at 20 °C. Cuvettes of 10 cm path length were used
so that aggregation of the dye was prevented. A fixed
concentration (0.65 pM) of the JGB was titrated against
increasing concentration of DNA till saturation in the
spectral changes was achieved. The change in absorbance
at 624 nm was used to calculate the binding affinity using
double reciprocal methodology.

Fluorescence studies

Resonance light scattering (RLS) spectral measurements
were taken on a Shimadzu RF 5301-PC spectrofluorimeter
unit with right-angle geometry using a 1-cm quartz cell with
excitation, and emission bandpass slits set to 5 nm with
sensitivity high and response time of 0.25 s. RLS spectra
were obtained using the synchronous scanning mode in
which the emission and excitation monochromators were
preset to identical wavelengths. The excitation and emission
monochromator wavelength were adjusted to scan simulta-
neously through the range from 250 to 600 nm.

Circular dichroism spectroscopy

Circular dichroism (CD) spectra were acquired with a
Jasco model J815 spectropolarimeter equipped with a

temperature controller (Jasco International Co., Hachioji,
Japan) interfaced with a thermal programmer (425L/15)
and controlled by the Jasco software in a rectangular quartz
cuvette of l-cm path length at 20 £ 0.5 °C [25, 26].
Spectra were recorded in the 200- to 350-nm region using a
scan speed of 200 nm/min, a bandwidth of 1.0 nm, a re-
sponse time of 1 s and sensitivity of 100 milli degrees. The
DNA (40 pM) was titrated with increasing concentration of
the dye. Each spectrum was averaged from four successive
accumulations and was baseline-corrected and smoothed
within permissible limits using the instrument soft-
ware. The [0] values were calculated from the relation,
[0] = [0]obs/10IC. Here [0].ps is the observed ellipticity
(milli degrees), C is the molar concentration, and [ is the
optical path length of the cuvette (cm). The CD spectra are
expressed in terms of molar ellipticity [0] (deg. cm?
dmol™") based on base-pair concentration of DNA.

Results and discussion

Isothermal titration calorimetry of dye-DNA
interaction

The binding of the dye to the DNA was studied at first from
isothermal titration calorimetry. Figure 2 (upper panel)
shows the representative raw ITC profiles obtained from
dye-DNA titration at 293.15 K. Each heat burst spike in
the figure corresponds to the heat generated in a single
injection of an aliquot of the DNA into the dye solution.
These injection heats were then corrected by subtracting
the corresponding dilution heats derived from the injection
of identical amount of DNA into the buffer alone (Fig. 2,
upper panel, curves offset for clarity). The data revealed
that there was only one binding event in the profile and
exothermic heats in the process. Therefore, ‘one set of
sites’ model yielded the best-fit curve for the obtained data
points yielding the thermodynamic parameters of the
binding. In Fig. 2 (bottom panel), the resulting corrected
heats are plotted against the respective molar ratios. In this
panel, the data points are the actual experimental data and
the continuous line denotes the calculated fits of the data to
the binding model. The binding affinity value and other
parameters obtained from ITC are collated in Table 1.

It can be seen that the equilibrium constant of the dye
binding to DNA was (1.97 & 0.02) x 10° M. The site
size (n) value, which is the reciprocal of stoichiometry
(N) value, was 2.02. Comparison of the thermodynamic
parameters in Table 1 helps to elucidate the forces that
govern the complexation. The data showed an overall en-
tropy-driven binding for the dye with a small but favorable
enthalpy contribution. The large positive standard molar
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Fig. 2 ITC profile for the titration of DNA (1.5 mM) into a 100 M
solution of JGB (curve at the bottom) along with the dilution profiles
(curves on the top offset for clarity). The fop panel represents the raw
data, and the bottom panel shows the integrated heat data after
correction of the heat of dilution. The symbols (square) represent the
data points that are fitted to a one set of sites and the solid line is the
best-fit data

entropy may essentially originate from the release of bound
ions and disrupted water molecules (water of hydration)
from the DNA site upon dye binding.

Dependence of ionic strength on the binding reaction
The dye has a positively charge at neutral pH, and there-
fore, it likely that its binding to the DNA polyanion is

thermodynamically linked to the amount of [Na'] ions
bound to the phosphate groups of the DNA. To understand

Table 1 Salt-dependent ITC data for the binding of JGB with DNA

the nature of the binding forces involved in the com-
plexation, in particular the role of electrostatic interactions,
effect of salt concentration on the binding was investigated
by isothermal titration calorimetry experiments in con-
junction with van’t Hoff analysis. The ITC data in terms of
the fitted curves are shown in Fig. 3a. The thermodynamic
parameters of the binding at three [Na™] concentrations,
viz. 10, 20 and 50 mM, were evaluated from ITC ex-
periments, and the results are collated in Table 1. The
electrostatic attraction of the cationic dye by the negatively
charged phosphate groups of the DNA was reduced with
increasing [Na™] concentration and the binding affinity
diminished. This is clearly evidenced from the decrease in
the binding affinity values as seen from the data presented
in Table 1; the affinity reduced to less than half on in-
creasing the salt from 10 to 50 mM. The relation between
the K values and [Na™t] has been described previously as

OlogK B
(ewevar )~ ®

where z is the apparent charge on the bound dye and ¢ is
the fraction of sodium ions bound per DNA phosphate
group [27-30]. The slope of the linear plot of log K versus
log [Na™] (Fig. 3b) gives the number of cations released on
the binding of JGB to the phosphate group of DNA. This
value was found to be 0.69 much lower than those reported
for mono-cationic ligand molecules binding to DNA and
RNA [28]. With increasing salt concentration, the standard
molar enthalpy values decreased slightly while the entropy
contribution showed little variation.

In order to elucidate the dependence of K on [Na'], the
observed standard molar Gibbs energy was partitioned
between the polyelectrolytic (AG;e) and non-polyelec-
trolytic (AGY) contributions (Fig. 3c and Table 1). The z¢
value can be used to calculate the polyelectrolytic factor or
electrostatic contribution (AG;e) to the overall standard
molar Gibbs energy change at a given NaCl concentration
by the relation,

AG,, = —zpRTIn[Na"] (5)

¢[NaCl}/mM 107> kM~ AH°/KJ mol ™! TAS°/KJ mol ™! AG°/KJ mol ™! AG:/KJ mol ™! AG?/kJ mol ™!

10 1.97 + 0.02 —7.97 + 0.06 219 4+ 0.12 —29.87 + 0.15 —7.87 + 0.06 —22.01 + 0.09
20 0.95 £ 0.01 —6.61 + 0.05 21.5 4+ 0.10 —28.12 + 0.16 —6.68 + 0.04 —21.42 + 0.07
50 0.63 + 0.01 —6.24 £ 0.05 20.8 + 0.06 —27.07 £ 0.12 —5.12 4+ 0.04 —21.97 + 0.06

The data in this table are derived from ITC studies at 293.15 K and are average of three determinations. c[NaCl] is the concentration of NaCl in
the solution. K the equilibrium constant and AH® the standard molar enthalpy change are determined from ITC profiles fitting to the one set of
sites model. The values of TAS°, the standard molar entropy contribution, and AG®, the Gibbs energy change, are determined from relations
described in the text. AG} and AGY are the polyelectrolytic and non-polyelectrolytic contributions to AG°. Uncertainties correspond to regression

of standard errors
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Fig. 3 Plot of enthalpy change (a) (b) 5.50
versus mole ratio showing the 0.0 = |
integrated heat results of JGB- " .
DNA complexation at a 10 ~1.6 = 5.25 =
(filled square) 20 (filled circle) T C N
and 50 (filled triangle) mM S x
[Na*] and d at T = 283.15 K 2 - g s00f= [
(filled triangle), 293.15 K (filled T L L
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circle) temperature, 64 o 4.75 =
respectively. The data are fitted L 3
to a ‘one set of sites’ model, and o | 1 2 1 = 1 s 1L 2 1 201 2 1 &
C g 4.50
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best-fit, b shows the plot of log X Log[Na*]
K versus log [Na™] for the
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—8.0 =
50mM b
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where z¢ is the slope of the van’t Hoff plot [31, 32]. The
difference between the AG® and AG, is the non-polyelec-
trolytic contribution (AGY) to the standard molar Gibbs en-
ergy change. The AG;e contains enthalpy term originating
from columbic interaction of solute molecules with counter
ions present in solution and an entropic term from disor-
dering of the ion atmosphere upon ligand interaction. The
AG? contribution has all other factors such as H-bonding,
hydrophobic contacts and van der Waals forces. Thus, AGy
corresponds to the portion of the binding standard molar
Gibbs energy change which is independent of salt concen-
tration and contains minimal contribution from polyelec-
trolyte effects such as coupled ion release. The standard
polyelectrolytic contribution to the AG® of dye decreased
with increase in salt concentration (Table 1). In contrast, the
non-polyelectrolytic contribution to the AG® was not af-
fected by the salt concentration in the range of Na™* con-
centration studied. A graphical representation of the
partitioned AG® values is shown in Fig. 3c. It is pertinent to
note that a significantly lesser contribution of the ionic forces
occurred during the binding of JGB to DNA compared to the
non-polyelectrolytic forces. This also accounts for the low
number of cation expulsion on complexation. Thus, the DNA
binding event of JGB is clearly dominated by non-poly-
electrolytic process.

Temperature-dependent studies: elucidation
of standard molar heat capacity changes

Temperature-dependent ITC experiments were conducted
at three different temperatures, viz. 283.15, 293.15 and
303.15 K, respectively. The ITC curves revealed only one
binding event at these temperatures. A comparison of the
ITC profiles in terms of the fitted curves at the three tem-
peratures is shown in Fig. 3d. As the temperature was in-
creased, the affinity values decreased, the binding
enthalpies became more negative with their magnitudes
increased. The entropy contribution slightly decreased. The
values are presented in Table 2. The variation of AH® with
T is presented in Fig. 4a, and the value of AC} obtained
from the slope was 0.422 kJ mol ™' (Table 2). A negative
AC, has been suggested to result from the removal of large
amount of nonpolar surface from water upon complex
formation [33] and is considered as an indicator of the
presence of dominant hydrophobic effects in the binding
process. Negative values of heat capacity change have been
observed for a variety of low molecular weight ligands
binding to different nucleic acids [3, 4, 6, 7, 10, 20, 24, 32,
34-36]. The magnitude of AC; obtained here is close to
those frequently observed in many ligand—nucleic acid
interactions [34, 35]. Although a number of factors can
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Table 2 Temperature-dependent ITC data for the binding of JGB with DNA

T/K 107 kM™! N (1/N) AH°/KJ mol ™! TAS°/kJ mol ™" AG°/kJ mol ™! AC/KI K~ mol ™!
283.15 2.50 £ 0.02 1.85 £ 0.01 —4.01 £ 0.04 25.40 £ 0.15 —29.41 £ 0.15

293.15 1.97 £ 0.01 2.02 £+ 0.01 —7.97 £ 0.05 21.92 £ 0.14 —29.87 £ 0.15 —0.422 £ 0.013
303.15 1.33 £ 0.01 2.99 £+ 0.02 —12.45 £ 0.07 17.45 + 0.12 —30.00 + 0.16

The data in this table are derived from ITC studies and are average of three determinations K the equilibrium constant and AH® the standard
molar enthalpy change are determined from ITC profiles fitting to the one set of sites model. The values of TAS®, the standard molar entropy
contribution and AG° the Gibbs energy change are determined from relations described in the text. Uncertainties correspond to regression of

standard errors

Fig. 4 a Plot of variation of (a) (b) 0
standard molar enthalpy change 4= = i
(AH®) with temperature for the 5
binding of JGB to DNA. b Plot T I E _of
of AG® (filled square) and AH® g 8 = |
(filled circle) versus TAS® for 2 5
the binding of JGB to DNA T - 2 20
<3 @
12 |= & L
<
P P TP TP T ) I TR
280 285 290 295 300 305 16 20 24 28
TIK TAS®/kd mol~1
contribute to the magnitude of the standard molar heat 14
capacity change of the complexation, change in solvent N f?
accessible surface area has been shown to be a significant 13 b= / F;

component [37]. DNA recognition by low molecular
weight ligands has been classified as sequence specific,
non-specific, minimal sequence specific or structure
specific [38]. Small negative ACS values are considered
generally to be the hall mark of systems exhibiting minimal
sequence-specific binding [38]. It appears that the negative
and nonzero AC; value observed here for JGB-DNA in-
teraction may be denoting structure-specific binding. The
Gibbs energy contribution for the hydrophobic transfer step
of binding of JGB to DNA was also calculated from the
relationship, AGy 4 = (80 £ 10) x AC; [39]. The AGy,
value was obtained as 33.76 kJ mol™'. This value is close
to those generally observed for typical DNA and RNA
intercalating molecules [6, 34].

Enthalpy-entropy compensation phenomena

The phenomenon of enthalpy—entropy compensation
(EEC) is widely invoked as an explanatory principle in
thermodynamic analysis of binding of small ligands to
macromolecules. Such phenomena may reflect the under-
lying relation between the standard molar enthalpy and
entropy, in particular for relatively flexible interacting
systems where a multiplicity of weak interactions occur
[40]. It was proposed that EEC is a natural consequence of
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Fig. 5 Optical thermal melting profiles of DNA (40 uM) (filled
square) and JGB-DNA complex at a D/P of 0.5 (filled circle)

the finite heat capacity values. This may occur due to
quantum confinement effects, multiple weak interactions
and limited free energy windows resulting in thermody-
namic homeostasis that may be of evolutionary and func-
tional advantages [41]. It can be seen that as the
temperature increased, the AH® values increased and the
TAS® values decreased, but the AG® values remained in-
variant (Table 2). The reaction enthalpy and entropy,
which were strong functions of the temperature, compen-
sated each other to leave the reaction standard molar Gibbs
energy more or less independent of temperature. Figure 4b
depicts the variations of AG® and AH® as a function of
TAS° for the binding of JGB to DNA. The value of slope
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Fig. 6 a Absorption spectral
changes of JGB (0.65 pM)

treated with 0.00, 0.65, 0.20, 0.20
0.33,0.59, 1.11, 2.15, 4.23, 8.39

(a)0-25

[0]
and 33.48 pM of DNA (curves § 0.15
1-10). b Double reciprocal plot 2
for the JGB-DNA 2 010
complexation. ¢ RLS spectral <
changes of JGB (10 uM) 0.05
aggregation in the presence of
0.0, 2.0, 4.0, 6.0, 10.0, 18.0, 0.00
34.0 and 66.0 UM (curves 1-8)
of DNA. d Scatchard plot of
JGB-DNA complexation
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Fig. 7 CD spectral changes of CT DNA (40 pM) (curve 1) treated
with 4, 6, 10 and 20 uM of JGB as represented by curves (2-5)

that is [0AH®/O(TAS?)], was 1.05. The linearity of the
relationship is an indication of complete EEC. The data
obtained here suggest almost complete compensation in all
the cases. Enthalpy—entropy compensation is often linked
to the solvent reorganization accompanying binding reac-
tions [42]. This ‘temperature-dependent’ enthalpy—entropy
compensation is required by basic thermodynamics [43] for
any process in which the change in heat capacity AC; is
nonzero. However, the energetics of the interaction indi-
cated significant differences in the molecular forces that
contribute and control the binding of JGB to DNA.

Wavelength/nm r

DNA optical melting experiments

The ability of the dye to enhance the stability of DNA on
binding was investigated from optical melting studies.
Stacking interactions of intercalated molecules with the
base pairs and the electrostatic interactions resulting from
the neutralization of the phosphate charges contribute to
the enhancement of the helix melting temperature (Tj,g).
The DNA exhibited an optical melting profile (Fig. 5) with
a single transitions at 339.15 K, under the conditions of the
present experiment and this is in agreement with the pre-
vious reports [44]. The binding of the dye stabilized the
DNA structure against denaturation. At saturating con-
centrations, the Ty, of the DNA-dye complex was
345.15 K, an enhancement by about 6 K suggesting strong
stabilization of the DNA by the dye. The comparative
optical melting profiles are depicted in Fig. 5.

Absorption spectroscopic characteristics of JGB—
DNA interaction

We studied the binding of the dye—DNA absorption titra-
tion using standard protocols. The characteristic peak for
the monomeric JGB at 624 nm (Fig. 6a) underwent a
hypochromic effect in the presence of increasing concen-
tration of DNA. This indicates the strong binding of the dye
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to the DNA. A similar effect was reported for the binding
of the dye to heparin also [45]. These spectral data were
quantified using double reciprocal plots (Fig. 6b), and the
binding affinity value obtained from the ratio of the inter-
cept to the slope of the plot was 2.10 x 10° M™". This
binding affinity value is close to the binding constant ob-
tained from ITC results. We also determined the stoichio-
metry of binding by continuous variation method of Job
(not shown) and obtained a value of 2.32 in agreement with
the ‘n’ value obtained from ITC data.

Resonance light scattering spectral characteristics
on DNA binding

Resonance light scattering is a phenomena of abrupt en-
hancement of Rayleigh light scattering (RLS) near an ab-
sorption band in strongly absorbing chromophores that
form large aggregates with strong m-electronic coupling
interactions between them [46]. This technique is useful for
assignment of dyes and monitors the interaction phe-
nomena. Figure 6¢ shows the RLS spectra of JGB solution
in the range 220-600 nm and in the presence of different
concentrations of DNA. It can be seen that the dye at a
concentration of 10 pM has a weak RLS signal with a peak
at about 560 nm as reported previously [15]. Binding to
DNA resulted in an amplified RLS response; the shape and
wavelength position of the spectral profile was not effected.
The enhancement of the scattering signals occurs due to
strong JGB-DNA complex formation. The Scatchard ana-
lysis of the RLS data revealed a noncooperative plot
(Fig. 6d) with affinity value of 1.70 x 10° M~'. This
binding affinity value is close to those obtained from ITC
and fluorescence studies.

Conformational changes in JGB-DNA interaction:
Circular dichroism spectroscopy results

Circular dichroism spectroscopy is an important tool to
understand the changes in the conformation of DNA on
interaction with small ligands [2, 25, 26, 42]. We mon-
itored the CD changes in the DNA on interaction of JGB,
and the data are shown in Fig. 7. The long-wavelength CD
band of the DNA decreased, and concomitant with this
change, an induced CD band appeared for the bound dye
molecules near 300 nm. These changes reveal the confor-
mational changes in DNA on binding of the dye. However,
the 248-nm negative band was less perturbed. Overall,
although the conformation of the DNA remained within
B-form, the results suggest that the binding of the dye
perturbed the DNA conformation apparently due to
intercalation.
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Conclusions

The thermochemical experiments presented here on the
binding of JGB to double-stranded DNA suggested strong
exothermic binding. The binding affinity of the dye to at
10 mM [Na*] was found to be (1.97 £ 0.02) x 10° M.
The reaction was spontaneous (AG° < 0), but the affinity
became weaker with increasing the salt concentration and
temperature. The binding was characterized by a large
positive entropy change with a small but favorable en-
thalpy contribution and revealed an enthalpy—entropy
compensation behavior in the temperature range studied.
Partition of the Gibbs energy of binding revealed it to
consist of a large non-electrostatic contribution although
the dye was positively charged at the pH of the study and is
known to form ion pair with bulky anions [13]. Negative
heat capacity change is correlated with the involvement of
significant hydrophobic forces in the complexation. The
dye enhanced the thermal stability of DNA as confirmed
from melting data, and the binding affinity values deduced
from the absorbance data and RLS spectral changes cor-
roborated with those obtained from calorimetry. Confor-
mational changes within B-form were also evidenced from
circular dichroism results. Since molecular recognition of
DNA by small molecules is an area of significant current
interest, the DNA binding results of JGB may be useful to
harness its potential for use in biological applications.
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