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Highlights  

 

♦ The binding of AA and AB to ss poly(A) was cooperative in nature.  

♦ The binding resulted in significant perturbation of the poly(A) conformation.  

♦ The binding induced self-structure formation in ss poly(A). 

♦ The binding was exothermic and predominantly entropy driven.  

♦ Heat capacity change and enthalpy-entropy compensation characterized the binding. 
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Abstract 

Poly(A) has significant relevance to mRNA stability, protein synthesis and cancer biology. The 

ability of two phenothiazinium dyes azure A (AA) and azure B (AB) to bind single-stranded 

poly(A) was studied by spectroscopic and calorimetric techniques. Strong binding of the dyes 

and the higher affinity of AA over AB was ascertained from absorbance and fluorescence  

experiments. Significant perturbation of circular dichroism spectrum of poly(A) in the presence 

of these molecules with formation of induced CD bands in the 300-700 nm region was 

observed. Significant emission polarization of the bound dyes and strong energy transfer from 

the adenine base pairs of poly(A) suggested intercalative binding to poly(A). Intercalative 

binding was confrimed from fluorescence quenching experiments and was predominantly 

entropy driven as evidenced from isothermal titration calorimetry data. The negative values of 

heat capacity indicated involvement of hydrophobic forces and enthalpy-entropy compensation 

suggested non covalent interactions in the complexation for both dyes. Poly(A) formed self-

assembled structure on the binding of both the dyes that was more favored at higher salt 

conditions. New insights in terms of spectroscopic and thermodynamic aspects into self-

structure formation of poly(A) by two new phenothiazinium dyes that may lead to structural 

and functional damage of mRNA are revealed from these studies. 

 

Keywords: Phenothiazinium dyes; Poly(A); Self-assembly;  Spectroscopy; Calorimetry 
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Introduction 

All mRNAs in eukaryotic cells have a poly(A) chain of about 200-250 bases at the 3’-end that 

confers them the stability and influences the transcription process. Polyadenylation of the 

mRNAs, catalyzed by the enzyme poly(A) polymerase (PAP), is a critical post transcriptional 

cellular event resulting in the maturation of all eukaryotic mRNAs before the begining of the 

translation process. The discovery of Topalian et al that Neo-PAP (a human PAP) is 

overexpressed in some human cancer cells has fueled speculation that the poly(A) tail of 

mRNAs may represent a malignancy specific target
1
 for anticancer agents. Small molecule 

therapeutics can interact with poly(A) and degrade poly(A) or induce secondary structural 

organization, that may resemble the poly(A).poly(A) duplex.
2
 The induction of such a structure 

by small molecules at physicological condition in vivo could prevent the binding of poly(A)-

binding protein to its inherent target and hence may be useful as potential lead compounds for 

controlling the poly(A) chain elongation leading to mRNA degradation and arrest of cell 

proliferation. Recently many such small molecules that induce self-structure in poly(A) have 

been discovered and the formation of such structure arose curiosity to understand the molecualr 

aspects of such reorganization.
3-10

 

Azure A (AA) and azure B (AB) are two important dyes with the same basic phenothiazinium 

skeleton but with different groups at the 7 position (Fig. 1). These compounds have been 

recently employed in a number of biological and chemical studies such as evaluations focused 

on the biochemical mechanisms of Alzheimer disease.
11

 They are also used as a model for 

phototherapeutic agents as well as for dye sensitized solar energy conversion.
12-13

 These 

phenothiazinium dyes are known to localize in the plasma membrane of yeasts. Due to the 

increased permeability of the dyes, the cellular structure is damaged upon illumination  
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resulting in cell death.
14-15

 The azure dyes can interfere through fluorescent radiation 

absorption that is emitted by excited molecules, resulting in a photobactericidal effect on the 

Staphylococcus aureus and Enterococcus faecium colonies.
13

  

Azure A, asymmetrical dimethylthionine,  has found wide industrial applications as 

electrochromic devices, solar energy cells and optical sensors.
16

 Kean
17

 reported a rapid 

nonhydrolytic method for the quantitative estimation of sulfatide, a well known component of 

mammalian tissue using this dye. An ion-pair extraction technique with azure A solution was 

used for differentiating biles of normal subjects and patients with liver disease from patients 

with Crohn’s disease.
18

 Recently, AA has been employed to ascertain presence of anionic 

detergents in milk.
19

 

Azure B, monodemethyl methylene blue, is easily available phenothiazinium dye and has been 

widely employed both in metal determination and DNA staining detection.
20

 AB, given 

intravenously to BCG-sensitized mice 15 minutes prior to challenge with lipopolysaccharide, 

prevented death from endotoxic shock.
21

 It was also capable of decreasing the blood serum 

level of tumor necrosis factor alpha by a factor of 10. It is a better inhibitor of human 

glutathione reductase and related enzymes compared to methylene blue.
22

 A facile and 

sensitive method for the determination of trace amounts of vanadium
23

 and selenium
24

, both of 

which are toxic environmental pollutants using AB as a chromogenic reagent was developed. 

Recently, azure B has been found to be a potent monoamine oxidase A (MAO-A) inhibitor 

(IC50 = 11 nM), approximately 6-fold more potent than methylene blue (IC50 = 70 nM) under 

identical conditions. AB also reversibly inhibits the MAO-B isozyme with an IC50 value of 

968 nM. Results suggested that AB may be a hitherto under recognized contributor to the 
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pharmacology and toxicology of methylene blue by blocking central and peripheral MAO-A 

activity.
25

  

Our long-term interest in developing antitumor agents derived from different sources prompted 

us to investigate the potential of these DNA-binding dyes to specifically target poly(A) 

sequences and induce a self-structure formation. The present study is devoted to elucidation of 

the molecular details of the binding process of dye-poly(A) complexation through multifaceted 

biophysical experiments.  

Results and discussion 

Spectrophotometric studies 

The binding of the dyes to poly(A) was followed by means of absorption titration in the 450-

700 nm (Fig. 2a,b). Poly(A) has no absorption in this region. Fig. S1 shows characteristic UV-

visible absorption spectrum of AA and AB in aqueous buffer of pH 7.2. The spectra exhibited 

three well-resolved maxima at 245, 289 and 633 nms for AA and 245, 290 and 642 nms for 

AB. The maximum absorbance of AA and AB located around 633 nm and 642 nm, 

respectively, on titration with increasing concentrations of poly(A) showed hypochromic 

effect, suggestive of strong intermolecular interaction involving effective overlap of the π 

electron cloud of the dyes with those of the adenine bases. In the case of AA, flattening of the 

633 nm peak occurred while the 598 nm hump of AB became prominent as a result of the 

interaction. Sharp isosbestic points at 577 nm and 573 nm, respectively, for AA and AB were 

evidenced. This behaviour was quite different from what was observed upon association of the 

dyes with DNA.
26 

The isosbestic points enabled the assumption of a two state system 

consisting of bound and free dye at any particular wavelength. The concnetration of the free 

and bound dyes to poly(A), evaluated from the titration of a constant concentration of poly(A) 
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with increasing concentration of the dyes, enabled the construction of Scatchard plots of r/Cf 

versus r to quantify the binding reaction (inset of Fig. 2a,b). Cooperative binding isotherms 

observed were analyzed further by the McGhee-von Hippel methodology
27

 using equation (2) 

for the evaluation of the binding constants. The cooperative binding affinity (K)  values for AA 

and AB -poly(A) complexation were evaluated to be 1.02 × 10
5
 M

-1
 and 1.17 × 10

5
 M

-1
, 

respectively. The apparent binding constants (Ki), the product of K and the cooperative factor 

(ω), yielded values of 3.06 ×10
6 

M
-1

 and 1.65 × 10
6 

M
-1

, respectively, for AA and AB. These 

values are depicted in Table 1.  

Fluorescence titration studies 

The change in the emission spectra of AA and AB with maxima around 645 and 662 nm when 

excited at 632 nm and 648 nm, respectively, was monitored by titration with poly(A). 

Progressive quenching of the fluorescence of the dyes was observed eventually reaching a 

saturation point without any shift in the wavelength maximum (Fig. 2 c,d). Fluorescence 

quenching was more (60%) in case of AA-poly(A) complex compared to AB- poly(A) 

complex (51%).  

From fluorescence titration data values close to those obtained from spectrophotometric 

analysis were obtained by Scatchard analysis (inset of Fig. 2 c,d). The cooperative binding 

affinity (K)  values of AA and AB to poly(A) were evaluated to be 0.51 × 10
5
 M

-1
 and 0.72 × 

10
5
 M

-1
, respectively. The Kiω values (Table 1) were 2.96 ×10

6 
M

-1
 and 0.94 × 10

6 
M

-1
, 

respectively, for AA and AB. The binding constant of AA was higher than that of the AB in 

agreement with the results of the absorbption data analysis. 
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Fluorescence quenching studies by ferrocyanide ions 

Fluorescence quenching experiments with anionic quencher like [Fe(CN)6]
4−

 is an effective 

method for revealing the accessibility of quenchers to nucleic acid bound samll molecules
4,28

 

Stern-Volmer plots for the quenching of AA and AB fluorescence complexed with poly(A) are 

shown in Fig. S3. The Ksv values for free AA and its complex with poly(A) were 39 and 8.4 M
-

1
, respectively, and the same for AB were 43 and 14 M

-1
. This indicated that the bound AA 

molecules were less accessible to the quencher or in other words bound dye molecules are 

considerably protected and sequestered away from the solvent suggesting strong binding with 

poly(A). Thus, ferrocyanide ion quenching results provide direct evidence that the bound AA 

and AB molecules are truly intercalated. The result also suggest stronger intercalation of AA 

over AB based on the bulk of the molecules. 

Steady-state fluorescence anisotropy 

The emission of small molecules is weakly polarized due to their rapid tumbling motion in 

aqueous media. But on intercalation their rotational motion is restricted and the fluorescence 

polarization is enhanced. This finding can suggest the probable location of the molecule in 

heterogeneous environment of poly(A). Fig. 3 shows the variation of fluorescence anisotropy 

At saturating P/D values, steady-state anisotropy (A) values for azure A and azure B were 

0.179 and 0.162, against a value of 0.038 and 0.025 for the free dyes, respectively. The rise in 

case of AB was steeper compared to AA. These data provide a further support towards 

probable association of the dyes to poly(A). 

Energy transfer from adenine bases of poly(A) to bound dye molecules 

The possibility of excited state energy transfer from the poly(A) bases to the bound dye 

molecules (Fig. 4a) was explored by measuring the excitation spectra of the dyes in the 210-
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310 nm region keeping the emission wavelength fixed at 645 nm and 662 nm, respectively, for 

AA and AB. The light absorption of the dyes in this region is minimum, while poly(A) has 

strong absorption band around 260 nm. The ratio of the excitation spectra of complex to that of 

free AA is presented in Fig. 4b. This plot indicates direct emission from the dye and the ratio 

larger than 1.0 indicates sensitization by poly(A). The band around 290 nm in the excitation 

spectrum near the region of absorption of poly(A) suggests energy transfer from adenine bases 

to the dyes. The energy transfer was further confirmed from sensitized emission
29

 of the 

complex which is much more intense than direct emission of the dyes (Fig. 4c).  

Fluorescence energy transfer from the bases to the bound dye molecules is manifested by an 

increase in the quantum yield of bound molecules in the wavelength range of poly(A) 

absorption. Since energy transfer occurs either due to close contact or through Forster 

mechanism, the former being more appropriate here, it may confirm both strong binding as 

well as intercalative mode of binding. Fig. 4d show plots of the ratio Qλ/Q310 against 

wavelength showing an increase in quantum yield in the region of poly(A) absorbance. The 

increase in the quantum yield in the poly(A) absorption region suggests energy transfer from 

the bases to the bound dye molecules that confirms strong intercalative binding. Excitation 

spectra of the dyes and poly(A) complexes recorded keeping the emission maxima at 645 nm 

for AA and 662 nm for AB are shown in Fig. 4e and Fig. 4f.  

Spectroscopic study using circular dichroism 

The characteristic circular dichroism (CD) spectrum of the ss poly(A) was remarkably 

perturbed in the presence of the dyes (Fig. 5 a,b) resulting in rapid decrease of the 265 and 220 

nm positive bands. The change in the 248 nm negative band was not very high. Since the dyes  
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are optically inactive and do not have any CD signal in the above region, the observed change 

may be ascribed to that arose in the poly(A) molecule due to the interaction phenomenon. Very 

often in double stranded DNA, structural change from A-form to B-form and from B-form to 

C-form results in such large decrease in the long wavelength band ellipticity.
5
 Thus it is 

reasonable to infer that the A-form CD spectrum of poly(A) undergoes structural change to 

more organized self-structure formation. The change was higher for AA compared to that for 

AB.      

Concomitant with the changes in the intrinsic CD spectra in the UV region, there appeared 

induced CD spectrum in the 300-700 nm region for the bound dye molecules, the ellipticity of 

which increased as the binding progressed. Induced CD experiments were performed by 

keeping a fixed concentration of the dyes (25 µM) with increasing concentration of poly(A). 

As mentioned above the dyes are optically inactive compound with no intrinsic CD spectrum 

but acquired induced CD due to their strong association on the helical organization of poly(A). 

A single negative induced CD band at 566 nm was developed in both the cases. Considering 

the nature of the induced CD, the intercalated aromatic ring of the dyes appear most likely to 

be oriented parallel to the adenine bases of poly(A).
30

 The presence of an induced CD band in 

the visible absorption region on complexation with poly(A) further indicates large asymmetry 

in the environment of the bound molecules inside the poly(A) helix resulting from a strong 

interaction of the transition moments of the bound molecule with those of the base/base pairs. 

Based on the strength of the bands, the intercalation of AA appears to be stronger than to AB 

and is in agreement with the results of other spectroscopic experiments.  

Page 10 of 42Photochemical & Photobiological Sciences

P
ho

to
ch

em
ic

al
&

P
ho

to
bi

ol
og

ic
al

S
ci

en
ce

s
A

cc
ep

te
d

M
an

us
cr

ip
t



 

11 
 

Self-assembled structure formation in poly(A) 

Due to the critical relevance of poly(A) to mRNA stability, protein synthesis, and cancer 

biology, we chose to assess the ability of AA and AB to induce single-stranded poly(A) to self 

structure which has been a recent topic of interest.
2,4,5-6,31-32

 Circular dichroism and optical 

melting experiments of poly(A) in the presence of the two dyes were performed to ascertain the 

capability of the dyes to induce self-structure formation. Both the dyes induce a stable 

secondary structure (Tm ~ 60
o
C), even though this RNA homopolynucleotide is single-stranded 

in the absence of the dyes. We found cooperative melting of poly(A)-AA and poly(A)-AB 

complex in optical melting (Fig. 6a) and CD melting  (Fig. 6b) profiles at 257 nm clearly 

confirming the formation of self assembled structure in poly(A) as observed for many alkaloids 

and planar molecules.
2,4-8

   

The DSC melting profiles (Cp versus T) presented in Fig. 6c and 6d further confirmed the 

induction of self-structure in poly(A) on binding of the two dyes. The DSC melting of poly(A) 

in the absence of the dyes was a flat thermogram (curve 1, Fig. 6c,d). On the other hand, in the 

presence of the dyes, the stability of poly(A) enhanced considerably with a melting temperature 

(Tm) of 59.0±1°C (Fig. 7c and 7d) and the enthalpy of helix denaturation was quite high 

proving unequivocal evidence for the formation of a self-assembled duplex structure. Again, 

identical values of vant' Hoff and calorimetric enthalpy (~11.43 kcal/mole) evaluated from the 

DSC data suggested a truly cooperative reversible transition for the dye bound poly(A) 

structure. The ratio of the calorimetric enthalpy to vant' Hoff enthalpy is unity indicating 

cooperative two state transition; that is, the transition occur in an all or none fashion without 

any intermediate state for the melting of the self-structure of dye- poly(A) complex in complete 

agreement with the CD and UV melting results. Thus, the planarity in the structure of the dye 
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moleucles and cooperativity in the binding appears to have a direct correlation to self-structure 

formation in poly(A), a notion that was proposed from our earlier reports.
4-5,7

 

Thermodynamic characterization of the dye-poly(A) interaction  

In ITC experiments AA (370 µM) and AB (450 µM) samples were titrated into ss poly(A) 

solution (20 µM) at 20
o
C. Fig. 7 a,b (upper panels) shows the representative raw ITC profiles. 

In the Fig. 7 c,d (lower panels), the corrected injection heats after subtracting control heats are 

plotted against the respective molar ratios. The data points represent the experimental injection 

heats and the solid lines denote the calculated fits of the data. The binding affinity and the 

thermodynamic parameters of the complexation are presented in Table 2. The binding affinity 

values evaluated from the ITC data are in good agreement with those evaluated from the 

spectroscopic data (Table 1). The result underscores the observation above that AA has a 

greater affinity towards poly(A) than AB.  

Temperature dependent ITC experiments were performed at four different temperatures viz. 

10, 15, 20 and 30
o
C, respectively, for the binding of these dyes with poly(A). The ITC 

thermograms indicated one binding event at all the temperatures for both dyes. From the 

variation of ∆H
o
 with temperature (Fig. S4)  the ∆Cp

o
 values of (-142.23±0.04) cal/mole.K and 

(-124.34±0.01) cal/mole.K for AA and AB were obtained (Table 2). Negative heat capacity 

values have been observed for a variety of small molecules and dyes binding to DNA and RNA 

structures.
28,33-38

 A negative ∆Cp
o

 value is usually associated with changes in hydrophobic or 

polar group hydration in the free and the complexed molecules and to a lesser extent from 

changes in molecular vibrations,
39

 and considered as an indicator of a dominant hydrophobic  

effect in the binding process. Although a number of factors can influence the heat capacity 

change on complex formation, change in solvent accessible surface area has been shown to be 
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large component of ∆Cp
o
.
40-41

 Furthermore, several other molecular contributions for heat 

capacity changes like change in conformation of poly(A), restriction of the vibrational modes 

of the bound dye molecule on complexation are  likely. The significant differences in the ∆Cp
o
 

values may indicate differences in the role of these forces in each system and also reflect the 

differences in the amount of structured water released consequent to the transfer of non-polar 

groups to the inside of the poly(A) helix. Slightly higher ∆Cp
o
 values of AA compared to AB 

may also suggest conformational differences in the complex structure and also differences in 

the disruption of the water structure around adenine bases on complexation. DNA recognition 

by small molecules have been classified as sequence specific, nonspecific, minimal sequence 

specific or structure specific.
42

 Small negative ∆Cp
o
 values is generally considered to be the 

hallmark of minimal sequence specific binding. The slightly negative and non-zero ∆Cp
o
 values 

observed here appears to denote structure specific binding. The standard Gibbs energy 

contribution from the hydrophobic transfer step of binding of these molecules may be 

calculated from the relationship
43  

∆Ghyd
o
 = 80(±10) ∆Cp

o  (1)  

The ∆Ghyd
o
 values for AA and AB binding to poly(A) were calculated to be (-11.37±0.04) and 

(-9.95±0.01) kcal/mole (Table 2). These values are well within the range that was observed for 

typical DNA and RNA intercalating molecules.
10,33-35,37,44-45

 

Enthalpy–entropy compensation 

A significant feature observed in the thermodynamics of dye-poly(A) interactions is the general 

thermodynamic effect termed as the enthalpy-entropy compensation (EEC) phenomenon. Such 

phenomena may reflect a multiplicity of weak interactions.
44

 The thermodynamic data 

indicated that the binding enthalpy increased and the entropy term T∆S
o
 decreased with 
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temperature. Interestingly, the standard molar Gibbs energy exhibited only small changes 

indicating to be independent of temperature in both cases (Table 2) due to the compensating 

effects of the enthalpy and entropy change, both of which were strong functions of 

temperature. Fig. S5 depicts the variations of ∆G
o
 and ∆H

o
 as a function of T∆S

o
 for poly(A) 

binding to the two dyes. Linear variation of ∆H
o
 with T∆S

o
 with slope near unity (0.92 for AA 

and and 0.88 for AB) is an indication of a more or less complete compensation and this occurs 

in systems with ∆Cp
o 

not equal to zero and ∆Cp
o
>∆S

o
. Enthalpy-entropy compensation is often 

linked to the solvent reorganization accompanying binding interactions.
46

 Starikov and Norden 

correlated the EEC behaviour observed in biomolecular interactions to Carnot-cycle 

characteristics.
47

 

Role of electrostatic interactions: CD and ITC studies 

The dyes are positively charged and hence it is reasonable to assume that electrostatic 

attraction between the positive charge on the dyes and the negative charge on the phosphate 

group of poly(A) contributes significantly to the observed high affinity between the partners. 

To ascertain the contribution of electrostatic interaction in the binding process, salt dependent 

studies were performed by CD and ITC experiments. CD study was done at two other [Na
+
] 

viz. 10 and 200 mM in addition to those performed at 50 mM. As the salt concentration 

increased, the perturbation of poly(A) structure became more pronounced followed by the 

higher intensity for the induced CD bands in presence of AA (Fig. S6) and AB (Fig. not 

shown). It is pertinent to observe that the the induced CD pattern changes from a simple single 

band at low salt to an exciton split type at 200 nm (inset of Fig. S6) due to the stronger and 

closer binding of the dye molecules leading to better interaction of the transition moments of 

the dye and poly(A) base pairs. 
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The thermodynamic parameters of the binding of the two dyes to poly(A) at four [Na
+
] viz. 10, 

50, 100 and 200 mM were evaluated from ITC experiments and the results are collated in 

Table 3. The binding constant moderately increased as the salt concentration increased in the 

range 10-50 mM and rose remarkably in the range 50-100 and 100-200 mM. Earlier studies on 

the interaction of the dyes with DNA have reported that as the salt concentration increased the 

binding affinity decreased due to the shielding of the electrostatic charges.
26

  

In our case with increase in [Na
+
], shielding of the electrostatic charges in poly(A) might favor 

the self-assembled structure and increase the binding affinity due to favorable intercalation on 

to the duplex poly(A). An increase in the binding affinity of methylene blue with increase of  

salt concentration was previously reported due to the ease of formation of self-assembled 

structure.
4
 

Conclusions 

This study has demonstrated that the phenothiazinium dyes AA and AB strongly bound by 

intercalation to ss poly(A) molecules. The binding resulted in remarkable conformational 

changes in poly(A) with concomitant generation of optical activity in the bound dye molecules 

that appear to assume a helical arrangement on binding to poly(A). Energy transfer from the 

adenine bases to the intercalated dye molecules was also revealed from fluorescence 

polarization and efficiency studies. The negative enthalpy and positive entropy changes 

characterize the binding process and both favors the tight binding of the dyes at the interaction 

site. The binding leads to self-structure formation as evidenced from cooperative circular 

dichroism and absorbance melting, and differential scanning calorimetry results. Thes results 

also confirm that AA is a stronger poly(A) binder than AB. The presence of dimethylamine 

group at position 7 on the phenothiazinium moiety most likely accounts for the reduced 
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binding in the case of AB. As ss poly(A) plays significant role in eukaryotic cellular  processes, 

these results suggest a potential mechanism by which the dyes can inhibit the process of gene 

expression and gene transcription leading to its usefulness as a therapeutic agent for arresting 

cell proliferation. The specific poly(A) binding features of AA and AB revealed here would not 

only render further opportunity for developing RNA based therapeutic compounds but will also 

be of great importance in their toxicological evaluation at the molecular level.  

Materials and methods 

Materials 

Polyriboadenylic acid [poly(A)] as potassium salt was purchased from Sigma-Aldrich 

Corporation (St. Louis, MO, USA) and used without further purification. It was dissolved in 

the experimental buffer and dialysed at 5
o
C against the experimental buffer. Concentration of 

poly(A) in terms of nucleotide phosphate (hereafter nucleotide) was determined as 

reported.
48,49

 AA and AB (dyes in general) were products of Sigma-Aldrich and were 

recrystallised. The concentrations were determined by absorbance measurement using molar 

absorption coefficients (ε) as follows: AA- 57,500  M
-1

 cm
-1

 at 633 nm and AB- 43,000 M
-1

 

cm
-1

 at 642 nm. All other materials and chemicals were of analytical grade. All experiments 

were conducted in filtered 50 mM sodium cacodylate buffer, pH 7.2 prepared in deionized and 

double distilled water.  

Preparation of dye solutions 

AA (CAS No. 531-53-3, Color Index Number: 52005, purity ∼ 80%) and AB (CAS No. 531-

55-5, Color Index Number: 52010, purity ∼ 89%) (dyes hereafter in general) solutions were 

freshly prepared each day in the experimental buffer and kept protected in the dark to prevent 

any light induced photochemical changes. AA and AB were purified over a silica gel column 
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using chloroform-methanol mixture as elutent. Azure A was extracted with a 7:3 solvent 

mixture while azure B was eluted by a less polar solvent mixture. Finally, they were re-

crystallised and dried under vacuum at room temperature. The purity of the dye samples was 

then checked by TLC and found to be satisfactory.
50

 The overall concentration of the dyes in 

each experiment was kept at the lowest possible to prevent aggregate formation and adsorption 

to the cuvette walls. No deviation from Beer’s law was observed in the concentration range 

used in this study. 

Absorption and fluorescence spectral studies and evaluation of the binding parameters 

Absorbance studies were done on a Jasco V 660 spectrophotometer (Jasco International Co. 

Ltd., Hachioji, Japan) at 20°C equipped with a thermoelectrically controlled cuvette holder and 

temperature controller. Matched quartz cuvettes of 1 cm path length (Hellma, Germany) were 

used. Standard drug-nucleic acid titration methodologies, described in details earlier, were 

followed.
5,29

 Steady state fluorescence measurements were performed on a Shimadzu RF-

5301PC spectrofluorophotometer (Shimadzu Corporation, Kyoto, Japan) in 1 cm path length 

fluorescence free quartz cuvettes.
51

 To avoid inner filter effects, the sample absorbance 

measured at the excitation wavelength was kept below 0.05 absorbance. The concentrations of 

AA and AB thus were kept at 0.7 µM and 1.14 µM, respectively. The excitation wavelength for 

AA and AB were 632 nm and 648 nm, respectively, and the emission intensity was monitored 

in the range 600-700 nm keeping an excitation and emission band pass of 5 nm. A 5 min. 

equilibration time after each addition of aliquots of ss poly(A) solution into the dye solution 

was allowed. 

The Scatchard isotherms with positive slope at low r values were analyzed using the following 

McGhee-von Hippel equation for cooperative binding.
27
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               (2) 

where, 

where Ki is the intrinsic binding constant to an isolated binding site, ‘n’ is the number of base 

pairs excluded by the binding of a single dye molecule and ω is the cooperativity factor. All the 

binding data were analyzed using Origin 7.0 software (Microcal Inc., Northampton, MA, USA) 

to determine the best-fit parameters of Ki and ‘n’ to equation (2). 

Determination of the binding stoichiometry 

The fluorescence signal was recorded for mixture of solutions where the concentrations of both 

ss poly(A) and the dyes were varied keeping the sum of their concentration constant.
52 -54

 The 

difference in fluorescence intensity (∆F) of the dyes in the absence and presence of the ss 

poly(A) was plotted as a function of the input mole fraction of the dyes. The stoichiometry in 

terms of ss poly(A)-dye [(1-χdye)/ χdye] was obtained from the break points where χdye denotes 

the mole fraction of the respective dye. The results presented are average of three experiments. 

Fluorescence quenching studies 

Quenching studies were carried out with the anionic quenchers [Fe(CN)6]
4-

 as described 

previously.
33

 The data were plotted as Stern-Volmer plots of relative fluorescence intensity 

(Fo/F) versus [Fe(CN)6]
4-

. 

Fluorescence polarization studies 

Fluorescence polarization measurements of AA and AB complexes poly(A) were carried out as 

per Larsson and colleagues
55 

on the Hitachi F4010
 
spectrofluorimeter as described previously.

51
 

AA and AB were excited at 632 nm and 648 nm, respectively, and fluorescence signal was 

monitored at 645 nm and 662 nm, respectively. The excitation and emission slit widths were 

fixed at 5 nm. Readings were observed 5 minutes after each addition to ensure stable complex 

f

(n 1) 2
r (2 1)(1 nr) (r R) 1 (n 1)r R

(1 nr)
C 2( 1)(1 nr) 2(1 nr)

iK

−
   ω+ − + − − + +

= − ×   ω− − −   

1

2 21 1 4 1R {[ (n )r] r( nr)}= − + + ω −
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formation. Each reading was an average of four measurements. Steady state polarization 

anisotropy ‘A’ is defined as  

A = (Ivv – Ivh G) / (Ivv + 2 Ivh G)                             (3)  

where G is the ratio Ihv/Ihh used for instrumental correction. Ivv, Ivh, Ihv and Ihh represent the 

fluorescence signal for excitation and emission with the polarizer positions set at (0º, 0º), (0º, 

90º), (90º, 0º) and (90º, 90º), respectively. 

Sensitized emission, fluorescence energy transfer and quantum efficiency determination 

 

Energy transfer from the base to the bound dye molecules was measured from the excitation 

spectra of the poly(A)-dye complexes in the wavelength range 220-310 nm.
29,56-57

 This was 

verified further by sensitized emission spectra in the 620-720 nm.
56-57

 Excitation spectra were 

recorded keeping the emission wavelength at 645 nm and 662 nm, respectively, for AA and 

AB. The ratio Q = qb/qf, where qb and qf are the quantum efficiencies of bound and free dye, 

respectively, was calculated for each wavelength using the equation Q = qb / qf  = Ibεf / Ifεb, 

where Ib and If  are the fluorescence intensities in the presence and absence of the poly(A), 

respectively, and εb and εf are the corresponding molar extinction coefficients of the dye. A 

plot of the ratio of Qλ/Q310 against wavelength was made. Since poly(A) has very little 

absorbance at 310 nm this was chosen as the normalization wavelength.  

Spectropolarimetric studies 

Circular dichroism (CD) spectra were acquired on a Jasco J815 unit (Jasco International Co. 

Ltd., Japan) equipped with a Jasco temperature controller (PFD 425L/15) as reported.
5,29

 The 

molar ellipticity values [θ] are expressed in terms of either per nucleotide phosphate (210-400 

nm) or per bound dye (300-700 nm).  
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CD melting profiles were obtained by heating the sample (60 µM of poly(A) and 24 µM of AA 

or AB) at a scan rate of 0.8
o
C/minutes and monitoring the CD signal at 257 nm. For the 

melting profiles, the ellipticity values are expressed in units of milli degrees. 

Optical thermal melting studies 

Absorbance versus temperature profiles (optical melting curves) of the complexes were 

measured on a Shimadzu Pharmaspec 1700 unit equipped with a Peltier controlled TMSPC-8 

model microcell accessory (Shimadzu Corporation, Kyoto, Japan)  as reported previously.
58,59

  

Isothermal titration calorimetry  

A MicroCal VP-ITC unit (MicroCal, Inc., Northampton, MA, USA) was used for ITC 

experiments. Protocols described in details previously
5,59 

were used for the titrations. The 

samples for ITC experiments were degassed on the MicroCal’s Thermovac unit to prevent air 

bubble formation in the calorimeter cell. Programmed injection of aliquots of the dye solution 

from the rotating syringe (290 rpm) into the isothermal chamber containing the poly(A) 

solution (1.4235 mL) was done by PC controlled software. Appropriate control experiments to 

determine the heat of dilution of the dyes were performed. The dilution of the dyes was not 

found to generate any heat. The area under each heat burst curve was determined by integration 

using the Origin 7.0 software to give the measure of the heat associated with the injection. The 

heat associated with each dye-buffer mixing was subtracted from the corresponding heat of ss 

poly(A)-dye reaction to give the heat of dye-ss poly(A) binding. The heat of dilution of 

injecting the buffer into the poly(A) solution alone was found to be negligible. The resulting 

corrected injection heats were plotted as a function of molar ratio. A model for one set of 

binding sites provided the binding affinity (Ka), the binding stoichiometry (N) and the standard 

molar enthalpy of binding (∆Ho
). The standard molar Gibbs energy change (∆Go

) and the 
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standard molar entropic contribution to the binding (T∆So) were subsequently calculated from 

standard relationships.
59-60

 The ITC unit was periodically calibrated and verified with water-water 

dilution experiments as per the criteria of the manufacturer. 

Differential scanning calorimetry 

The excess heat capacities as a function of temperature were measured on a Microcal VP-

differential scanning calorimeter (DSC) (MicroCal, Inc.,) as described previously.
5,7 

At first the 

sample and reference cells were filled with the buffer solution, equilibrated at 20
o
C for 15 

minutes and scanned from 20
o
 to 100

o
C at 50

o
C/hour. This was repeated to obtain a stable base 

line.  Once a reproducible base line was achieved the sample cell was rinsed and loaded with 

poly(A) solution and then with dye-poly(A) complexes of different molar ratios and scanned. 

Each experiment was repeated twice with separate fillings. The thermograms were analyzed to 

determine the calorimetric transition enthalpy (∆Hcal) as described earlier.
4,5

 The temperature at 

which excess heat capacity is maximum gave the transition temperature (Tm). The 

calorimetrically determined enthalpy is model-independent and unrelated to the nature of the 

thermal transition. The model-dependent van’t Hoff enthalpy (∆Hv) was obtained by shape 

analysis of the calorimetric data. The cooperativity factor was obtained from the ratio 

(∆Hcal/∆Hv).  
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Table 1: Binding parameters for the complexation of the dyes with ss poly(A) evaluated from Scatchard analysis of the absorbance 

and fluorescence titration data. 

Dye Absorbance Fluorescence 

 K×10
-5

 (M
-1

)
b
 n ω Ki×10

-6
 (M

-1
)
b
 K×10

-5
 (M

-1
)
b
 n ω Ki×10

-6
 (M

-1
)
b
 

AA 1.02 2.69 30 3.06 0.51 3.03 58 2.96 

AB 1.17 3.22 14 1.65 0.72 3.11 13 0.94 

a
Average of four determinations. 

b
Cooperative binding constants (K) and the number of binding sites (n) refer to solution conditions of 

50 mM cacodylate buffer, pH 7.2 at 20
o
C.  ω is the cooperativity factor.  The apparent binding constants (Ki) is the product of K and 

the cooperative factor (ω). 
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Table 2: Temperature dependent isothermal titration calorimetric data for the binding of AA and AB to ss 

poly(A). 

 

Dye 

 

T 

(
o
C) 

Ka×10
-6 

(M
-1

) 

n ∆G
o
 

(kcal / 

mole) 

∆H
o
 

(kcal / 

mole) 

T∆S
o
 

(kcal/ 

mole) 

∆Cp
o
 

(cal./ 

mole.K) 

∆Ghyd
o
 

(kcal / 

mole) 

AA 10 3.96±0.04 2.58 -8.53±0.03 -1.37±0.03 7.16 

-142.23±0.04 -11.37±0.04  15 3.17±0.03 2.81 -8.59±0.03 -2.23±0.03 6.36 

 20 2.32±0.03 2.96 -8.64±0.03 -3.01±0.03 5.63 

 30 0.97±0.03 2.99 -8.68±0.03 -4.24±0.03 4.44 

AB 10 3.08±0.03 3.01 -8.41±0.03 -1.09±0.03 7.32 

-124.34±0.01 -9.95±0.01  15 2.08±0.03 3.11 -8.46±0.03 -1.64±0.03 6.82 

 20 1.46±0.04 3.19 -8.54±0.04 -2.18±0.04 6.36 

 30 0.86±0.03 3.22 -8.56±0.03 -3.57±0.03 4.99 

a
All the data in this table were derived from ITC experiments conducted in 50 mM cacodylate buffer, pH 7.2 

and are average of  four determinations. T denotes the temperatures studied. Ka, the binding affinity and ∆H
o
, 

the standard molar enthalpy change were determined from ITC profiles fitting to Origin 7.0 software as 

described in the text. n, the reciprocal of N, is the site size. The values of ∆G
o
,  standard molar Gibbs energy 

change and T∆S
o
, the  standard molar entropy contribution were determined using the equations ∆G

o
 = -RT 

ln Ka, and T∆S
o
 = ∆H

o
 - ∆G

o
. ∆Ghyd

o
 is the Gibbs energy contribution from the hydrophobic transfer of 

binding of the dyes and ∆Cp
o
 denotes heat capacity changes. All the ITC profiles were fit to a  single binding 

site model. Uncertainties correspond to regression standard errors.  
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Table 3: ITC derived thermodynamic parameters for the binding of AA and AB to ss poly(A) at 

different salt concentration
a
.   

Dye c (NaCl) 

(mM) 

Ka×10
-6 

(M
-1

) 

∆G
o 

(kcal/mole) 

∆H
o 

(kcal/mole) 

T∆S
o 

(kcal/mole) 

AA 10 0.78±0.09 -7.95±0.09 -3.94±0.09 4.01 

50 2.32±0.05 -8.64±0.05 -3.01±0.05 5.63 

100 5.22±0.04 -9.06±0.04 -1.53±0.04 7.53 

200 7.59±0.01 -9.28±0.01 -1.45±0.01 7.83 

AB 10 0.45±0.01 -7.58±0.01 -2.07±0.01 5.51 

50 1.46±0.02 -8.54±0.02 -2.18±0.02 6.36 

100 2.19±0.03 -8.59±0.01 -0.93±0.01 7.66 

200 4.25±0.02 -8.82±0.01 -0.88±0.01 7.99 

a
All the data in this table were derived from ITC experiments conducted in sodium cacodylate 

buffer of concentraion (c) of NaCl, 10, 20, 50, and 100 mM, pH 7.2 at 20
o
C and are average of 

four determinations. Binding constant Ka, standard molar Gibbs energy change ∆G
o
, standard 

molar enthalpy change ∆H
o 

and standard molar entropic contribution T∆S
o
 were derived from 

equations described in the legend of Fig. 2. Uncertainties correspond to regression standard errors. 
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FIGURE CAPTIONS 

Fig. 1. Chemical structure of (a) AA and (b) AB.  

Fig. 2. Absorption spectra of (a) AA (1.25 µM) treated with 0, 1.25 2.5, 5.0, 8.75, 12.5, 16.25, 

18.75, 21.25, 23.75, and 26.25 µM (curves 1-11) of ss poly(A), and (b) AB (1.75 µM) treated 

with 0, 3.50, 7.0, 14.0, 17.5, 24.5, 28.0, 35.0 and  38.50 µM (curves 1-9) of ss poly(A). 

Fluorescence spectral changes of (c) AA (0.7 µM ) treated with  0, 0.7, 1.4, 3.5, 5.6, 8.4,  10.5, 

11.9, 13.3 and 14.7 µM (curves 1-10) of ss poly(A), and (d) AB (1.14 µM) treated with 0, 2.28, 

5.6, 9.12, 11.4, 15.96, 18.24, 22.80 and 25.08 µM (curves 1-9) of ss poly(A). Inset: 

Representative Scatchard plot of the binding. Measurements were performed in quartz cuvettes 

of 1 cm path length. The excitation wavelength for AA and AB were 632 nm and 648 nm, 

respectively, keeping an excitation and emission band pass of 5 nm. 

Fig. 3. Variation of fluorescence anisotropy as a function of [poly(A)]/[dye] for azure A (▲) and 

azure B (∆). Measurements were performed in a quartz cuvette of 1 cm path length. AA and AB 

were excited at 632 nm and 648 nm, respectively and fluorescence signal was monitored at 645 

nm and 662 nm, respectively. The excitation and emission slit widths were fixed at 5 nm.     

Fig. 4. (a) Schematic energy level diagram for the energy transfer from adenine bases of poly(A) 

to the dyes. (b) Fluorescence excitation spectrum of AA recorded in the presence of poly(A) at 

emission wavelength 645 nm. (c) Sensitized fluorescence spectra of AA with (curve 1) and 

without (curve 2) poly(A) and (d) variation of relative quantum yield of AA (▲) and AB (∆) in 

the presence of poly(A) as a function of wavelength, keeping the emission spectra fixed at 645 

nm and 662 nm, respectively, for AA and AB. Excitation spectra of (e) AA (curve 1) and AA-
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poly(A) complex (curve 2) keeping the emission maxima fixed at 645 nm and (f) AB (curve 1) 

and AB-poly(A) complex (curve 2) keeping the emission maxima fixed at 662 nm. 

Fig. 5. Intrinsic circular dichroism spectra of ss poly(A) (60 µM) treated with (a) 0, 6, 12, 24, 36, 

48 and 60 µM of AA (curves 1-7), and (b) 0, 6, 12, 24, 36, 48 and 60 µM of AB (curves 1-7). 

The expressed molar ellipticity (θ) values are based on poly(A) concentration. Measurments 

were performed in a rectangular quartz cuvette of 1 cm path length. 

Fig. 6. Optical thermal melting profiles of (a) poly(A) (○) and poly(A)-ABcomplex (∆) 

monitored at 257 nm. (b) Circular dichroism melting profiles of poly(A) (inset of Fig. 5b) and 

poly(A)-AAcomplex monitored at wavelength 257 nm. DSC thermogram of poly(A) (curve 1 of 

Fig. 6c and 6d) and (c) poly(A)-AA complex (curve 2) and (d) poly(A)-AB complex (curve 2), at 

50 mM sodium cacodylate buffer. 

Fig. 7. ITC profiles for the titration of (a) AA (▲) and (b) AB (∆) with ss poly(A) at 20
o
C in 50 

mM sodium cacodylate buffer of pH 7.2. The top panels represent the raw data for the sequential 

injection of the dyes into ss poly(A) and the bottom panels show the integrated heat data after 

correction of heat of dilution against the molar ratio of ss poly(A) /dye. The data points [▲, AA-

ss poly(A) and ∆, AB-ss poly(A)] reflect the experimental injection heat, which were fitted to 

one site model and the solid lines represent the best-fit data. 
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Chemical structure of (a) AA and (b) AB.  

19x12mm (300 x 300 DPI)  
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Absorption spectra of (a) AA (1.25 µM) treated with 0, 1.25 2.5, 5.0, 8.75, 12.5, 16.25, 18.75, 21.25, 
23.75, and 26.25 µM (curves 1-11) of ss poly(A), and (b) AB (1.75 mM) treated with 0, 3.50, 7.0, 14.0, 
17.5, 24.5, 28.0, 35.0 and  38.50 mM (curves 1-9) of ss poly(A). Fluorescence spectral changes of (c) AA 

(0.7 mM ) treated with  0, 0.7, 1.4, 3.5, 5.6, 8.4,  10.5, 11.9, 13.3 and 14.7 µM (curves 1-10) of ss poly(A), 
and (d) AB (1.14 µM) treated with 0, 2.28, 5.6, 9.12, 11.4, 15.96, 18.24, 22.80 and 25.08 mM (curves 1-9) 
of ss poly(A). Inset: Representative Scatchard plot of the binding. Measurements were performed in quartz 

cuvettes of 1 cm path length. The excitation wavelength for AA and AB were 632 nm and 648 nm, 
respectively, keeping an excitation and emission band pass of 5 nm.  

103x94mm (300 x 300 DPI)  
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Variation of fluorescence anisotropy as a function of [poly(A)]/[dye] for azure A (▲) and azure B (∆). 

Measurements were performed in a quartz cuvette of 1 cm path length. AA and AB were excited at 632 nm 
and 648 nm, respectively and fluorescence signal was monitored at 645 nm and 662 nm, respectively. The 

excitation and emission slit widths were fixed at 5 nm.      
107x90mm (300 x 300 DPI)  
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Fig. 4. (a) Schematic energy level diagram for the energy transfer from adenine bases of poly(A) to the 
dyes. (b) Fluorescence excitation spectrum of AA recorded in the presence of poly(A) at emission 

wavelength 645 nm. (c) Sensitized fluorescence spectra of AA with (curve 1) and without (curve 2) poly(A) 
and (d) variation of relative quantum yield of AA (▲) and AB (∆) in the presence of poly(A) as a function of 

wavelength, keeping the emission spectra fixed at 645 nm and 662 nm, respectively, for AA and AB. 
Excitation spectra of (e) AA (curve 1) and AA-poly(A) complex (curve 2) keeping the emission maxima fixed 

at 645 nm and (f) AB (curve 1) and AB-poly(A) complex (curve 2) keeping the emission maxima fixed at 
662 nm.  

118x156mm (300 x 300 DPI)  
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Intrinsic circular dichroism spectra of ss poly(A) (60 µM) treated with (a) 0, 6, 12, 24, 36, 48 and 60 µM of 
AA (curves 1-7), and (b) 0, 6, 12, 24, 36, 48 and 60 µM of AB (curves 1-7). The expressed molar ellipticity 
(q) values are based on poly(A) concentration. Measurments were performed in a rectangular quartz cuvette 

of 1 cm path length.  
39x19mm (300 x 300 DPI)  
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Optical thermal melting profiles of (a) poly(A) (○) and poly(A)-AB complex (∆) monitored at 257 nm. (b) 

Circular dichroism melting profiles of poly(A) (inset of Fig. 5b) and poly(A)-AAcomplex monitored at 
wavelength 257 nm. DSC thermogram of poly(A) (curve 1 of Fig. 6c and 6d) and (c) poly(A)-AA complex 

(curve 2) and (d) poly(A)-AB complex (curve 2), at 50 mM sodium cacodylate buffer.  
66x58mm (300 x 300 DPI)  
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ITC profiles for the titration of (a) AA (▲) and (b) AB (∆) with ss poly(A) at 20oC in 50 mM sodium 

cacodylate buffer of pH 7.2. The top panels represent the raw data for the sequential injection of the dyes 
into ss poly(A) and the bottom panels show the integrated heat data after correction of heat of dilution 

against the molar ratio of ss poly(A) /dye. The data points [▲, AA-ss poly(A) and ∆, AB-ss poly(A)] reflect 

the experimental injection heat, which were fitted to one site model and the solid lines represent the best-fit 
data.  

78x68mm (300 x 300 DPI)  
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Graphical Abstract 

 

 

Binding of phenothaizinium dyes azure A and azure B to single stranded polyadenylic acid 

induces self-structure evidenced by cooperative melting in absorbance and circular dichroism 

experiments. 
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