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3A.1. Introduction 

Currently, the study of the interaction of deoxyribonucleic acid (DNA) with small molecules 

is of immense interest in the arena of pharmaceutical chemistry [Mati et al., 2013]. DNA 

controls heredity of life in the living organism and is involved in essential biological process 

such as mutagenesis, gene transcription, gene expression, carcinogenesis and cell death, that 

makes them interesting to many researchers [Mati et al., 2013; Paul et al., 2011; Ma et al., 

2012; Fei et al., 2009; Li et al., 2012; Jana et al., 2012]. According to literature the binding 

affinity and sequence specificity of small molecules with DNA depends on the various 

structural and electronic factors [Mati et al., 2013; Husain et al., 2017].  In this respect it is 

important to understand the binding affinities and binding mechanism between small 

molecules and DNA in modern clinical research.  

Being a naturally occurring biologically significant molecule, phenolic acids are elaborately 

studied in the field of small molecule-DNA interaction. Phenolic acid contains a phenolic 

ring and organic carboxylic acid functionalities. Classes of naturally occurring phenolic 

acids are hydroxybenzoic acid and hydroxycinnamic acid, which are extensively found in 

nature, especially in vegetables, fruits and a variety of beverages like tea, coffee etc. The 

schematic diagram of phenolic acids and their application are summarised in Fig. 3A.1. Due 

to a wide variety of pharmacological activity and availability of hydroxycinnamic acids, the 

primary interest of researchers is to study the nature and dynamics for DNA-drug binding, 

which can lead to the design and construction of new and more efficient drugs targeted to 

DNA.  

 

 

 

 

 

 

 

 

Figure 3A.1. Schematic diagram of different applications of phenolic acids 
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Generally, interaction of small molecules with calf thymus DNA (ct-DNA) occurs via three 

different binding modes such as intercalation, groove binding, and ionic interactions. In 

groove binding, the interaction of small molecules occur along the outside of the deep major 

groove or the shallow minor groove of the ct-DNA helix involving hydrogen bonding and 

van der Waals interaction; whereas for intercalation type of binding, small molecule inserts 

within the stacked planar base pair of native ct-DNA and in case of ionic interactions the 

interaction occurs between the negatively charged nucleic sugar-phosphate backbone and 

the positive or cationic ends of the small molecules [Guharay et al., 1997; Aramesh-

Boroujeniet al., 2016; Ghoshet al., 2014].  

Very few researchers have investigated the interaction of DNA with hydroxycinnamic acids 

and its derivatives. The interaction of caffeic acid with ct-DNA was investigated by Sarwar 

et al. and they concluded that caffeic acid interacted with ct-DNA through groove binding 

[Sarwaret al., 2017]. Zhang et al. investigated the interaction of ferulic acid with calf thymus 

DNA and according to them; ferulic acid binds to ct-DNA through intercalative mode 

[Zhang et al., 2013]. Another group of researchers investigated the interaction of 

chlorogenic acid with DNA at graphene modified electrode by cyclic voltammetry (CV).  

They found that the interaction between chlorogenic acid with DNA occurred through 

intercalative mode [Ma et al., 2016]. The interaction of functionalized gold and silver 

nanoparticles of chlorogenic acid with ct-DNA was investigated by Thomas et al. and they 

established that both silver and gold nanoparticles of chlorogenic acid bind through groove 

position of ct-DNA. They also observed that gold-coated nanoparticle of chlorogenic acid 

showed comparatively low cytotoxicity than its silver nanoparticle on normal human cell 

lines [Thomas at al., 2019]. So the observations of different groups have been found to be 

different in different cases.  

Sinapic acid (SA) is one of the derivatives of hydroxycinnamic acid which has enormous 

biological activities such as anti-inflammatory, anti-oxidant, anti-bacterial, anti-cancer, anti-

anxiety etc. [Kumar et al., 2019; Zou et al., 2002; Yoon et al., 2007; Yun et al., 2008]. Due 

to such activities of SA, it is well utilized in food, cosmetics, and pharmaceutical industries 

[Yun et al., 2008; Sengupta et al 2018; Lu et al., 2001; Nayab et al., 2016; Hameed et al., 

2016]. However, to the best of our knowledge, no such literature is available about the 

nature of the interaction between SA and ct-DNA. In this context, to understand the 

therapeutic efficacy of SA on a molecular basis, it is important to acquire knowledge of its 

binding mode with appropriate biological targets, particularly proteins and DNA [Shyamala 
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et al., 2004; Guharay et al., 1997; Chaudhuri et al., 2007: Sengupta et al., 2019].  

The present chapter demonstrates the binding interaction of SA with ct-DNA using 

spectroscopic and theoretical techniques to characterize their binding mode. UV-Vis 

spectroscopy, steady-state fluorescence spectroscopy, comparative ligand binding by the use 

of the well-known intercalator ethidium bromide, circular dichroism, DNA helix melting 

study, viscosity study, iodide quenching etc. have been utilized for this purpose [Jana et al., 

2012;Sarkar et al., 2007]. All the experimental findings clearly established that SA resides 

in the groove position of DNA double helix. In addition, a theoretical study has also been 

carried out to visualize the actual docked position of SA in ct-DNA.  

 

3A.2.Chemicals and Reagents 

Calf thymus DNA (ct-DNA), ethidium bromide (EtBr) was purchased from SRL, India. 

Sinapic acid (SA) was supplied by Sigma Aldrich, USA. All other chemicals used were of 

HPLC grade and used without further purification. 

 

3A.2.1. Preparation of Tris-HCl buffer stock solution 

Tris, or tris(hydroxymethyl)aminomethane, (Molecular formula: (HOCH2)3CNH2 and 

molecular weight: 121.14 g/mol). To prepare 1000 ml 1 M Tris-HCl buffer, at first we take 

121.14 gm Tris in 800 ml triple distilled water. The pH was adjusted to 7.4 with addition of 

appropriate volume of concentrated HCl, finally volume was adjusted to 1000 ml by adding 

requisite amount of triple distilled water. 

 

3A.2.2. Preparation of ct-DNA solution 

The stock solution of ct-DNA was prepared in 0.01 M Tris-HCl buffer of pH 7.4 overnight 

at 4 °C. The concentration of ct-DNA was determined using absorption spectroscopy (ε260 

=6600 L mol
-1

 cm
-1

) [Zhou et al., 2015] and the purity of ct-DNA solution was measured by 

taking the absorbance ratio A260/A280 which was in the range of 1.8-1.9 indicating the DNA 

was free from protein and pure for experimental use [Gangulyet al., 2015]. The stock 

solution was stored at -20 °C for further use. 5 mM standard stock solution of SA was 

prepared by dissolving in 1:4 alcohol/ Tris-HCl buffer medium. 
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3A.3. Instruments 

3A.3.1. Absorption spectroscopy 

UV-vis spectroscopic measurement was performed on a Hitachi U-2910 UV-

spectrophotometer at 298K using a cuvette of 1.0 cm x 1.0 cm path length. Both SA and SA-

ct DNA complexes were recorded in the wavelength range of 230-500 nm. A fixed amount of 

SA (10 µM) dissolved in the Tris-HCl buffer solution was used in sample cuvette and the 

absorption spectrum was monitored by the gradual addition of ct-DNA (0-120 µM) into both 

samples as well as reference cuvette in order to avoid any spectral interference from ct-DNA. 

 

3A.3.2. Fluorescence spectroscopy  

Steady-state fluorescence measurement was recorded on a Cary Eclipse fluorescence 

spectrophotometer (model G9800A) using 1.0 cm quartz cells. Fluorescence emission spectra 

of free SA and SA-ct-DNA were recorded in the range of 320-570 nm after excitation at 306 

nm. The excitation and emission bandwidths were set at 10 nm and 5nm respectively. The 

titration was carried out by taking the fixed concentration of SA (25 µM) with increasing 

concentration of ct-DNA (0-950 µM) at three different temperatures (298, 303 and 308 K) 

and allowed to stand for 5 min to equilibrate before starting each temperature study 

experiment. 

 

3A.3.3. Iodide quenching study 

Iodide quenching experiments were performed on the same fluorescence spectrophotometer 

as described above. The quenching study was investigated by adding KI (0-170 mM) solution 

into SA (30 µM) and SA (30 µM)-ctDNA (60 µM) complex solution to measure the 

fluorescence intensity. The quenching constants (KSV) in free and ct-DNA bound SA were 

calculated and then compared to analyze the interaction mode of SA and ct-DNA. 

 

3A.3.4. Competitive displacement assay 

A competitive displacement assay was conducted using the well-known intercalating probe 

ethidium bromide (EB). In this assay, a solution containing a fixed amount of ct-DNA (75 

µM) and EB (25 µM) was titrated against the increasing concentration of SA (0-240 µM). 

The EB-ctDNA complex was excited at 480 nm and the emission spectra were recorded from 

490-800 nm. 
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3A.3.5. DNA melting experiment 

The DNA melting experiment was performed by taking the UV absorbance at 260 nm of pure 

ct-DNA (25 µM) and SA (40 µM)-ctDNA (25 µM) complex by varying the temperature from 

35 to 90 °C. The denaturation temperature (Tm) of free ct-DNA and SA-ctDNA complex was 

determined from the midpoints of the curve based on fss= (A-A0)/(Af-A0) versus temperature 

(T) plot, where A0 and Af are the initial and final absorbance intensities respectively, and A is 

the absorbance intensity corresponding to its temperature [Zhou et al., 2015]. 

 

3A.3.6. Viscosity measurement 

To get further evidence of the binding pattern of SA and ct-DNA a viscometric measurement 

was carried out by Ostwald viscometer. The viscometer was suspended in the water bath at 

30 °C and SA concentration was increased (0 µM, 5 µM, 10 µM, 15 µM, 20 µM, 25 µM) 

with a fixed ct-DNA concentration (50 µM). A volume of 10 ml for each solution was 

considered for this experiment. Flow time was measured by a digital stopwatch, and the mean 

values were taken by replicated measurements of thrice to evaluate the viscosity of free ct-

DNA and SA-ctDNA complex in a different molar ratio of SA to ct-DNA ([SA]/[ct-DNA]). 

The obtained data were plotted as (η/η0)
1/3 

against the ratio of [SA]/[ct-DNA], where η and η0 

are the viscosity of free ct-DNA and SA-ctDNA complex respectively.  

 

3A.3.7. Circular dichroism spectroscopy 

The circular dichroism (CD) spectra of ct-DNA were monitored in absence and presence of 

different amounts of SA at room temperature on a JASCO J-815 CD spectrometer with a scan 

speed of 120 nm per min and the wavelength ranges from 210 nm to 350 nm using a 

rectangular quartz cuvette of the path length of 1 cm. The concentration of ct-DNA was taken 

as 50 µM and molar ratios of [ct-DNA]/[SA] was 1:0, 1:0.5, 1:1. Each spectrum was an 

average of three collections of each data. The spectra of Tris-HCl buffer (10 mM, pH 7.4) 

was subtracted by taking the baseline correction. 

 

3A.3.8. Steady-state fluorescence anisotropy measurement 

Steady-state fluorescence anisotropy (r) measurements were performed on an F-7000 Hitachi 

spectro-fluorimeter equipped with a 1.0 cm path-length of rectangular quartz cell and a pair 

of polariser was used with excitation and emission wavelengths set to 306 nm and 427 nm 

respectively. The excitation and emission bandwidths were set as 10 nm and 5 nm 
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respectively. The steady-state anisotropy (r) was calculated by the following equations 

[Banerjee et al., 2012]: 

)IG2I/()IGI(r VHVVVHVV                                                                             (3A.1) 

HHHV I/IG                                                                                                                    (3A.2) 

where, I is the fluorescence emission intensity and the suffix VV denotes both the excitation 

and emission polarizers to be vertically aligned and VH indicates a vertically aligned 

excitation polarizer and horizontally aligned emission polarizer, HV corresponds to 

horizontally polarized excitation and vertically polarized excitation and so on. G is the 

correction factor. Titrations were carried out by various concentrations of ct-DNA ranging 

from 0-200 µM with a fixed concentration of SA (30µM) solution. 

 

3A.3.9. Agarose gel electrophoresis 

The gel electrophoresis experiment was performed according to Kasina Manojkumar et.al. 

with some modification [Manojkumar et al., 2015]. 10 µl of reaction mixture containing 2 µl 

of 3 µg/ml ct-DNA and 25, 50, 75 and 100 µM of SA solution were mixed and exposed to 

UVB (290-320 nm) radiation for 20 min. 2 µl of loading dye (Bromophenol blue) was then 

added and the rest was DEPC water prior to electrophoresis at 100 V for 1 h, at 25°C in a 

0.8% agarose gel with 1X TAE buffer. After electrophoresis, the gel was stained with 

ethidium bromide at a concentration of 0.5µg/ml and photographed under UV light (BIO-

RAD, ChemiDoc MP, Image system instrument). 

 

3A.4. Software information: Theoretical studies (Molecular docking)  

The crystal structure of DNA was obtained from the Protein Data Bank (PDB). The 

accession number of the crystal structure is 453D. Sinapate structure was also obtained from 

PDB (accession number 5XX). DNA and sinapate structures were prepared for docking in 

AutoDockTools using a previously published protocol [Ghosh et al., 2018]. Docking was 

performed with AutoDock 4.2 as well as AutoDockVina [Morris et al., 2009; Trott et al., 

2010]. The whole DNA structure was placed in a parallelepiped grid box with dimensions of 

25x25x45 Å3
. Gridpoint spacing was 0.375Å for AutoDock 4.2 and 1Å for AutoDockVina. 

Two lowest energy conformers were chosen for molecular dynamics (MD) simulation. MD 

was performed by Desmond [Bowers et al., 2006] as implemented in Schrödinger Maestro 

molecular modeling environment (Academic release 2018-1) following previously 
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published protocol [Pal et al., 2016]. OPLS_2005 all atom force field (Optimized potentials 

for liquid simulation) was used for the simulation. The ensemble type of the simulation was 

NPT with a constant number of molecules (N), a defined temperature T (298K) and pressure 

P (1 bar). Nose-Hoover thermostat and Martyna-Tobias-Klein barostat were used to 

maintain the temperature and pressure of the system, respectively [Bowers et al., 2006]. The 

complexes were placed in a simulation box maintaining a minimum distance of 10 angstrom 

from the periodic boundary such that the molecules do not interact with its periodic image. 

The system was minimized using the default relaxation protocol before simulation. The 

production MD was run for 4.8 ns. 

 

3A.5. DNA binding studies 

3A.5.1. UV-Vis absorption spectroscopy 

Absorption spectroscopy is a simplest and most effective method to understand the ground-

state interaction of small molecules (here, SA) and DNA [Zhou et al., 2015]. SA exhibited 

two absorption peaks at ~226 nm and ~306 nm for π-π
*
 and n-π

*
 transitions respectively, 

whereas, ct-DNA displayed maximum absorption at ~260 nm [Sengupta et al., 2018]. To 

obtain the binding interaction we have taken a calculated amount of SA (10 µM) in sample 

cuvette and ct-DNA (0-120 µM) was added to the solution cuvette as well as reference 

cuvette to avoid the any interference from the ct-DNA. The effect of the addition of ct-DNA 

on the absorption spectra of SA has been portrayed in Fig. 3A.2. According to the literature, 

intercalation binding between a small molecule and ct-DNA result in a hypochromic effect in 

the absorption spectra with a significant shift; whereas for weak interaction such as hydrogen 

bonding, groove binding and electrostatic interaction results no significant shift of the 

absorption maxima [Zhou et al., 2015]. Fig. 3A.2 (A) displayed a hypochromic effect without 

any significant shift at ~306 nm and ~226 nm. This observation suggested a weak interaction 

between SA and ct-DNA. Thus, to further quantify the appropriate binding mode of SA to ct-

DNA we have performed the following experiments. 

We have also determined the binding constant between ct-DNA and SA from the absorption 

titration data. The binding constant between SA and ct-DNA was calculated at the 

wavelength of 306 nm using the following equation [Zhang et al., 2013]: 

][

11

)(

1

000 DNAKAAAA



                                                                    (3A.3) 
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where A0 and A are the absorbance of SA in the absence and presences of ct-DNA, 

respectively. K is the binding constant between SA and ct-DNA and [DNA] is the 

concentration of ct-DNA. The plot of 1/(A0-A) versus the reciprocal value of the ct-DNA 

concentration was found to be linear, with a slope equal to the value of 1/KA0. The value of 

K can be calculated using the intercept, 1/A0 and slope, 1/KA0. The double reciprocal plot of 

1/(A0-A) versus 1/[DNA] at 298K has shown in Fig. 3A.2(B). The calculated binding 

constant is 4.68 x 10
3
 M

-1
. The lower K value indicated that there is a weak interaction 

between SA and ct-DNA. It has already been reported that the binding constant of probes to 

DNA by intercalation mode usually lies in the range of 10
4
-10

6
 M

-1
. According to the 

available literature, the binding constant values of acridine orange [Arndt-Jovin et al., 1989; 

Darzynkiewicz et al., 1990] and EB [Lepecq et al., 1967], classical intercalating agents being 

3.1 x 10
4
 and 4.3 x10

5
 M

-1
, respectively. These results indicated that the binding mode of SA 

and ct-DNA may be a groove binding mode. 

 

 

Figure 3A.2.  Figure (A) represents the absorption spectra of SA (10 µM) with an increasing 

concentration of ct-DNA (0-120 µM). Figure (B) represents the double reciprocal plot of ct-

DNA with SA 

 

3A.5.2. Steady-state fluorescence spectroscopy 

The fluorescence emission spectrum of SA exhibits emission maximum at ~430 nm when 

excited with a wavelength of 306 nm. Upon the addition of ct-DNA, a gradual decrease in the 

emission intensity was observed with no apparent shift (vide Fig. 3A.3(A)). The quenching of 

intrinsic fluorescence intensity of SA in the presence of ct-DNA indicated a complex 
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formation [Sengupta et al., 2018]. To ascertain the quenching mechanism, the following 

Stern-Volmer equation was employed (equation 3A.4): [Lakowicz, 2006] 

]Q[K1
F

F
SV

0  =1+kq<0>[Q]              (3A.4) 

where F0 and F are the fluorescence intensities of SA in the absence and presence of ct-DNA 

(quencher), respectively, and [Q] is the concentration of ct-DNA. KSV is the Stern-Volmer 

quenching constant which can be evaluated from the linear relation of F0/F and [Q]. kq is the 

bimolecular quenching rate constant, and ⟨τ0⟩, the average fluorophore lifetime in the absence 

of quencher compounds is the order of 10
-9

 s. In general, fluorescence quenching can occur 

via static quenching (ground-state complex formation) or dynamic quenching (collisional 

quenching). The presence of static or dynamic quenching can be well recognized by 

performing a temperature variation experiment and evaluating KSV values at different 

temperatures. The plot of F0/F vs. different concentrations of [ct-DNA] at three different 

temperatures has been displayed in Fig. 3A.3(B) and the corresponding KSV values are 

accumulated in Table 3A.1. Also using the KSV values the bimolecular quenching constant 

(kq) at three temperatures are found to be the order of ca. 10
11 

M
-1

s
-1

 (Table 3A.1). 

As evident from table 3A.1, a steady increase of KSV values with increasing temperature 

convincingly suggested the presence of dynamic quenching in the operative quenching 

mechanism. For dynamic quenching mechanism the maximum threshold collision quenching 

constant is 2x10
10 

M
-1

s
-1

 [Lakowicz, 2006]. As we can see from table 3A.1, kq values are 

somewhat higher than the diffusion controlled quenching constants supporting the occurring 

of static quenching process. Furthermore, the distinction between the static and dynamic 

quenching process could be envisaged from the UV-Vis spectra of the fluorophore-quencher 

complexes. Gradual addition of quencher to the fluorophore results in the slight change in the 

absorption spectra with the hypsochromic shift of the peak again confirmed the static 

quenching process to be predominantly operating in the complex formation between SA and 

ct-DNA (Fig. 3A.2(A)). Generally, in case of static quenching the quenching efficiency of the 

fluorophore in the binding interaction should decrease with increasing temperature as a 

destabilization process occurring in the ground state complex formation between the 

fluorophore and quencher [Lakowicz, 2006]. 
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In the contrary, we observed the opposite situation for the interaction of SA with ct-DNA 

interaction. One attempt can be taken to explain this anomalous situation by Arrhenius theory 

[Tian et al., 2010; Ghosh et al., 2015]. According to Arrhenius equation 

ln kq= ln (Ksv/<0>) = -Ea/RT+ ln A              (3A.5) 

where, A is the pre-exponential factor. Ea is the activation energy for the quenching process. 

The rate constant (k) i.e. the bimolecular quenching constant (kq) for the quenching process 

depends on temperature. Higher the temperature, higher will be the rate constant value. At 

higher temperature, the increase in the bimolecular quenching constant value outweigh the 

decrease the kq value due to destabilization of the complexes with increase in temperature 

[Tian et al., 2010; Ghosh  et al., 2015]. Considering the linear plot of ln kq vs. 1/T, the 

activation energy was found to be 14.83 kJ mol
-1 

[inset of Fig. 3A.3(B)]. The value is 

somewhat higher as compared to the other biomolecular reactions [Tian et al., 2010; Ghosh et 

al., 2015], clearly enlighten the considerable effect of the temperature on the fluorescence 

quenching occurring via static quenching process in the interaction of SA with ct-DNA. 

The static quenching process could be understood through the modified Stern-Volmer 

Equation [Lakowicz, 2006; Han et al., 2009; Lehrer, 1971].  

aaa0

00

f

1

]Q[

1

Kf

1

)FF(

F

F

F






                                    (3A.6) 

where, fa represents the fraction of accessible fluorescence and Ka is the modified Stern-

Volmer quenching constant. The plot of F0/∆F vs. 1/[Q]  is linear with slope (1/ faKa) and 

intercept is (1/fa). Fig. 3A.3(C) represents the modified Stern-Volmer plots for the interaction 

of SA with ct-DNA at three different temperatures and modified Stern-Volmer quenching 

constant (Ka) values in each case are tabulated in table 3A.1. The modified Stern-Volmer 

quenching constant values were also found to vary appreciably with temperature which 

supported the static quenching mechanism. 
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Figure 3A.3.  Fluorescence quenching spectra of 30 µM SA (         ) with varying 

concentration of ct-DNA (0-950 µM) at room temperature (A) and Stern-Volmer plots of SA 

with ct-DNA at three different temperatures (B). Inset: Arrhenius plots for the fluorescence 

quenching of SA with the addition of ct-DNA at different temperatures.  Modified Stern-

Volmer plots for the interaction of SA with ct-DNA at three different temperatures (C) 

 

Table 3A.1. Variation of Stern-Volmer quenching constant (KSV) and bimolecular quenching 

constant (kq) and modified Stern-Volmer quenching constant at three different temperatures 

for SA-ct-DNA system 
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3A.5.3. Evaluation of binding constant and thermodynamic parameters 

The values of binding constant (Kb) at three different temperatures can be evaluated by using 

fluorescence data. The following equation was employed to calculate the Kb values (equation 

3A.7) [Lakowicz, 2006]: 

 
]log[loglog 0 QnK

F

FF
b 


                                                                 (3A.7) 

where, Kb and n are binding constant and the number of binding sites respectively. The value 

of Kb and n can be obtained from the intercept and slope of the plot log [(F0-F)/F] vs. log [Q]. 

The values of Kb and n are listed in Table 3A.2. A gradual decrease in Kb value with 

increasing temperature pointed towards the destabilization of the complex at a higher 

temperature (Fig. 3A.4(A)). A similar observation was also observed by Sarwar et al. and 

Thomas et al. Sarwar et al. worked with the interaction of caffeic acid with ct-DNA and Thomas et al. 

worked with both silver and gold nanoparticles of chlorogenic acid with ct-DNA. According to them 

the Kb values for the interaction of caffeic acid and gold nanoparticle of chlorogenic acid with 

ct-DNA was almost 13 and 17 times higher than that of our estimated value for SA-DNA 

interaction, respectively [Sarwar et al., 2017; Thomas et al., 2019]. The lower value of Kb 

could be explained due to the presence of two bulky methoxy groups in SA. 

Thermodynamic parameters are crucial to predict the nature of interaction forces involved in 

the interaction of small molecules with DNA. Various types of interaction such as hydrogen 

bonding, hydrophobic forces, van der Waals forces, and electrostatic interactions can occur 

between SA and ct-DNA. According to Ross and Subramanian [Ross et al., 1981] the 

interactive forces can be classified as follows based on the values of entropy change (ΔS) and 

enthalpy change (ΔH): 

ΔH<0, ΔS<0: van der Waals interaction and hydrogen bond formation. 

ΔH>0, ΔS>0: hydrophobic interaction. 

ΔH<0, ΔS>0: electrostatic interaction. 

The values of free energy change (ΔG), entropy change (ΔS) and enthalpy change (ΔH) were 

analyzed using the following van‟t Hoff equation (equation 3A.8) [Ross et al., 1981]: 

R

S

RT

H
Kln b







                                                                                                      
(3A.8) 

    ΔG = ΔH – TΔS                                                                                                             (3A.9) 

where R is the universal gas constant (8.314 kJ K
-1

 mol
-1

) and T is the temperature (in 

Kelvin). The van‟t Hoff plot has been displayed in Fig. 3A.4(B) and 3A.4(C). ΔH and ΔS 

values have been determined from slope and intercept of lnKb vs. 1/T plot respectively. The 
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results are summarized in Table 3A.2.  It is evident that the values of both ΔH and ΔS are 

negative, corresponding to the presence of van der Waals interaction and hydrogen bond 

formation during complex formation of SA with ct-DNA. The negative sign for ΔG indicated 

the spontaneity of the binding process between SA and ct-DNA.  

 

Figure 3A.4. The plot of log [(F0-F)/F] vs log [Q] for SA-ctDNA complex at three different 

temperatures (A),  van‟t Hoff plot at three different temperatures for binding of SA-ctDNA 

system (B) and bar diagram plot to visualize the thermodynamic parameters of SA and ct-

DNA at 298 K (C) 

 

Table 3A.2. Binding constant and other thermodynamic parameters at three different 

temperatures for SA-ctDNA system 
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3A.5.4. Competitive displacement assay 

Now to confirm the interaction pattern of SA with ct-DNA a competitive displacement assay 

experiment was conducted by the use of a well-known dye whose binding mode is already 

established.  

Ethidium bromide (EB) is such a dye which binds to ct-DNA through intercalation [Zhou et 

al., 2015]. EB shows a weak fluorescence in solution; however, with the addition of ct-

DNA, due to its intercalation, the fluorescence intensity increases remarkably. If SA binds 

to ct-DNA through the same binding mode as EB, the fluorescence intensity of EB-ctDNA 

complex should decrease because of the displacement of EB from the same binding site by 

SA [Rehman et al., 2014; Olmsted III et al., 1977]. The fluorescence spectra of the EB-

ctDNA complex in the absence and presence of SA is shown in Fig. 3A.5. Fig. 3A.5 shows 

that the fluorescence intensity of EB-ctDNA does not quench significantly on subsequent 

addition in increasing amounts of SA. This result indicated that SA was unable to replace 

EB in the ct-DNA helix. Thus these results prove that SA binds to ct-DNA via non-

intercalative binding mode.  

However non intercalative binding includes electrostatic and groove binding. Since we have 

already discussed in the introduction that electrostatic binding involve interaction of a 

positively charged molecule with the negative backbone of DNA, hence its presence can be 

ruled out [Smyk et al., 1989]. 

 

Figure 3A.5. Fluorescence emission spectra of native EB and EB-ctDNA complex with 

increasing concentration of SA (0-240 µM) 
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3A.5.5. Iodide quenching study 

To support the groove binding mode of interaction between SA and ct-DNA, fluorescence 

quenching experiment was carried out with potassium iodide (quencher). Iodide ions (I
-
) 

generally quench the fluorescence intensity of small molecules in the aqueous medium. 

DNA is also a negatively charged (due to the phosphate group) macromolecule which can 

repel the iodide ions. Thus if the small molecules intercalate into the double-stranded DNA 

then the small molecule is well protected from the ionic quenchers and hence their 

fluorescence intensity will not quench significantly [Ling et al., 2008]. While in the case of 

groove binding or electrostatic binding the small molecules are well exposed and hence 

fluorescence intensity of these molecules can be quenched significantly by gradual addition 

of I
- 
[Ling et al., 2008]. In our study, KSV values for the interaction of SA-KI system in the 

absence and presence of ct-DNA was calculated from equation 3A.4 to observe the extent 

of fluorescence quenching (Fig. 3A.6). Table 3A.3 shows that in the absence and presence 

of ct-DNA, the values of KSV was found to be 6.36 M
-1

 and 6.39 M
-1

 respectively. 

Therefore an insignificant reduction in the quenching efficiency ruled out any possibility of 

intercalative binding and indicated that the DNA bound probe is much more accessible to 

the ionic quencher. The lesser degree of reduction in the KSV values can also be attributed 

to the external or groove binding mode between SA with DNA. 

 

Figure 3A.6. Stern-Volmer quenching plot of SA (30 µM) by KI concentration in the 

absence and presence of ct-DNA 
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Table 3A.3. KSV values obtained in KI quenching of SA in the absence and presence of ct-

DNA 

 

 

 

 

 

3A.5.6. DNA melting experiment studies 

The hydrogen bonding and stacking interaction between the base pair of purine and 

pyrimidines stabilize the double helix of DNA. With increasing temperature, the stability of 

DNA double-strand decreases and goes to single strands. The thermal decomposition of 

DNA double helix is measured by its melting temperatures (Tm). Melting temperature is the 

temperature at which half of the DNA double helix is denatured to form single strands 

[Chaveerach et al., 2010]. When small molecules bind with ct-DNA through intercalation, 

the stability of DNA double helix increases which in turn enhances the melting temperature 

(5-8 °C) of DNA. For groove binding or electrostatic interaction, there is an insignificant 

amendment in melting temperature [Kumar et al., 1993]. The melting temperature of DNA 

helix is performed by measuring the absorbance at 260 nm as a function of temperature. In 

this case, we have monitored the change in Tm of ct-DNA in the absence and presence of 

SA. From the melting profile in Fig 3A.7, the calculated melting temperature values of ct-

DNA and SA-ctDNA complex appeared at 66.2 °C and 67.4 °C respectively, obtained from 

the curves in Fig. 3A.7. Thus it was evident that the binding of SA does not lead to a 

significant increase in the Tm of ct-DNA. The small change in the Tm suggested the groove 

binding nature of SA with ct-DNA [Kumar et al., 1993].  

 

System KSV (M
-1

) R
2
 Change in KSV (%) 

SA 6.36 0.9949 - 

SA + ct-DNA 6.39 0.9917 0.47 
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Figure 3A.7. Thermal decomposition curve of free ct-DNA and SA-ctDNA complex at pH 

7.4. [ct-DNA]= 25 x 10
-6

 (M) and [SA]= 40 x 10
-6

 (M) 

 

3A.5.7. Viscosity measurements 

A viscosity measurement provides necessary and adequate information for the evaluation 

of mode of the binding interaction between small molecules and DNA. For an intercalative 

mode of binding the viscosity of DNA solution generally increases due to the lengthening 

of the DNA helix [Husain et al., 2013]. By contrast, non-intercalative binding could reduce 

the overall length of DNA hence there will be a minor or no change in the viscosity of 

DNA solution [Zhang et al., 2014]. To support this standpoint, a set of solutions were 

prepared which contained a fixed concentration of ct-DNA and various concentrations of 

SA. Then, the viscosity measurements were performed at room temperature. The results of 

this study are presented in the plot of (η/η0)
1/3

vs. [SA]/[ct-DNA] is shown in Fig. 3A.8. 

According to Fig. 3A.8, there is an insignificant variation of relative specific viscosity of 

ct-DNA in presence of SA. Such type of behavior illustrates that SA interacts via non-

intercalative and preferentially groove binding mode of the probe. 
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Figure 3A.8. Viscosity measurement plot of ct-DNA (50 µM) with increasing 

concentration of SA 

 

3A.5.8. Circular dichroism (CD) studies 

We have also deciphered the conformation change of DNA using circular dichroism 

technique during SA-DNA interaction. The CD-spectrum of DNA displayed a duplex, 

characterized by a negative band at 246 nm for right-handed helicity and a positive peak at 

276 nm for base pair staking interaction of a canonical B-form conformation [Husain et al., 

2013; Ranjbar et al., 2009; Basu et al., 2013]. For intercalative type binding of a small 

molecule with ct-DNA, both bands of DNA in the CD-spectra changes remarkably, while 

for groove or electrostatic binding with small molecules there is nominal impact on the CD-

spectrum [Husain et al., 2013; Qaiset al., 2017]. Now to determine the change in DNA 

conformation in presence of SA, the intrinsic CD spectra of ct-DNA was recorded in 

presence of various concentration of SA. Fig. 3A.9 revealed both bands of the CD spectrum 

of ct-DNA did not change significantly with increasing concentration of SA. This indicated 

that the binding of the probe with ct-DNA did not disturb the stacking of the bases.  

Therefore the CD profile confirmed the binding mode of the fluorophore SA to the host 

DNA to occur through groove binding. However the negligible change in the CD profile 

may be due to the conformational changes from B-form to A-form [Qaiset al., 2017].  
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Figure 3A.9. Far-UV CD spectra of ct-DNA on the addition of varying concentration of SA 

 

3A.5.9. Fluorescence anisotropy 

The mobility of small molecule is greater in a less viscous solvent. But the mobility gets 

restricted when it gets bound with macromolecules like proteins, DNA, cyclodextrin, etc 

[Das et al., 2007; Bose et al., 2019]. Hence fluorescence anisotropy method is generally 

utilized to identify the changes in the microenvironment around a small fluorescent 

molecule with the addition of macromolecules. When DNA binds to the small molecule 

through intercalative mode the inflexibility increases around the small molecule hence the 

anisotropy increases because the small molecule inserts within the stacked planar base pair 

of native DNA. But for groove binding, the fluorescence anisotropy does not change at all 

[Chi et al., 2010; Wang et al., 2018; Modukuruet al., 2005]. Fig. 3A.10, exhibits the change 

of fluorescence anisotropy with gradual addition of ct-DNA to the SA solution. The 

anisotropy values were found to remain almost constant. This observation indicated that the 

flexibility of SA remained unaltered after binding to ct-DNA. Thus, we further concluded 

that binding of SA and ct-DNA was groove binding rather than the intercalative type. 
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Figure 3A.10. Fluorescence anisotropy plot of SA (30 µM) and ct-DNA (0-2×10
-4

 M) 

 

3A.5.10. Gel electrophoresis 

To observe and assess the protecting activity of SA against UVB radiation induced DNA 

damage, we have monitored the agarose gel electrophoresis profiles of SA treated ct-DNA 

vs unbound ct-DNA on exposure to UVB radiation. The picture has been portrayed in Fig. 

3A.11. As evident from lane 1, the normal ct-DNA (SA-UV-) exhibited an intense band. 

But as observed in lane 2, on exposure to UVB radiation the band intensity reduced, and 

the smear in the lane 2, representing the damaged/fragmented ct-DNA intensified 

[Georgiou et al., 2009]. In presence of SA (25 µM to 100 µM) [lane 3 to 6] the damaging 

effect of UVB radiation on ct-DNA appeared to be reduced, as evident from increase in 

band intensity and decrease in smear intensity compared to lane 2. Densitometric analysis 

using ImageJ-win64 software indicated that the ct-DNA band intensity as well as smear 

patterns in individual lanes of the agarose gelelectrophoresis profile further validated the 

protective activity of sinapic acid against UVB induced DNA damage (Fig. 3A.11. (A), 

(B), and (C)). Precisely 50 µM SA was found to have the maximum protective activity 

against UVB induced ct-DNA damage. However, for higher concentrations of sinapic acid, 

the protective activity decreases.  
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Figure 3A.11.  Agarose gel electrophoretic pattern of ct-DNA in the absence and presence 

of varying concentrations of SA; Lane 1, free ct-DNA without UVB radiation; lane 2, free 

ct-DNA with UVB radiation; lane 3, ct-DNA+ 25 µM SA with UVB radiation; lane 4, ct-

DNA+ 50 µM SA with UVB radiation;  lane 5, ct-DNA+ 75 µM SA with UVB radiation; 

lane 6, ct-DNA+ 100 µM SA with UVB radiation. Where (A) corresponds to the image of 

the gel, (B) and (C) corresponds to agarose gel electrophoresis intensity plot of the band part 

and the smearish part recpectively 

 

3A.5.11. Molecular docking    

SA in pH 7.4 is reported to exist as anion [Han et al., 2009] so docking was performed with 

sinapate anion instead of neutral sinapic acid. Binding of sinapate ion with DNA was found 

to be energetically favourable. Lowest binding energy as obtained by docking was -24.14 

kJ/mol (25.52 kJ/mol in AutoDockVina). Two most favourable binding conformations are 

shown in Fig. 3A.12. Sinapate ion was found to bind exclusively in the minor groove of 

DNA and specifically in the GC rich region. It can also form a hydrogen bonding 

interaction through its methoxy group with the -NH2 group of guanine base (Fig. 

3A.13(A)). Donor acceptor distance was found to be 2.9 Å. MD simulation showed stable 

interaction of sinapate with DNA for about 2.5 ns, after which sinapate dissociated from 
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DNA (Fig. 3A.13(A)). Both the Coulombic and van der Waals interactions were observed 

between sinapate and DNA, however, the van der Waals force was found to be the major 

contributing force (Fig. 3A.13(B)). sinapate ion formed H bond with DNA for the whole 

duration during which it remained bound to DNA (Fig. 3A.13(B)). Distances from three 

nearby guanine bases were computed over the simulation trajectory to study the 

fluctuations of SA in the binding site (Fig. 3A.13(C)) of DNA. It was found that while 

bound sinapate ion remained very stable in the minor groove of DNA. Dissociation of 

sinapate ion from DNA after ~2.5 ns during MD simulation suggested a low binding 

affinity constant, which corroborated with the experimental observation (cf Table 3A.1). 

After a series of spectroscopic experiments, molecular docking was employed to have a 

better understanding of our data. The similar nature of groove binding was also found for 

the interaction of silver/gold functionalized nanoparticles of chlorogenic acid, and caffeic 

acid with ct-DNA [Thomas et al., 2019; Sarwar et al., 2017]. 

 

Figure 3A.12. Binding of sinapate (green) in the minor groove of DNA as obtained by 

molecular docking simulation. Two possible binding conformations are shown 

superimposed and separately 
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Figure 3A.13. (A): Hydrogen bonds between SA and the bases of DNA as obtained from 

molecular docking. Donor acceptor distances are shown. Two most favourable binding 

conformations of SA are shown. (B): Binding energy of SA with DNA and the H bonding 

over the period of simulation. Point of dissociation of SA from DNA is marked with an 

arrow. (C): Distance between C1 of SA and the -NH2 group of three adjacent three guanine 

bases viz. G10 of chain A (blue) G14 of chain B (red) and G16 of Chain B (yellow). Point 

of dissociation of SA from DNA is marked 

 

3A.6. Conclusion  

The present chapter provides a clear indication of the binding interaction of SA with ct-

DNA. The quenching of fluorescence intensity of SA confirmed that the quenching 

mechanism was a static quenching type. The binding constants and the number of binding 

sites were calculated at three different temperatures. Various thermodynamic parameters 

were calculated which suggested that the binding process was spontaneous and involvement 

of hydrogen bonding and weak van der Waals forces of interaction between the probe and 

ct-DNA are responsible for the groove binding of this particular polyphenol with the bio 

macromolecule. Gel electrophoresis result clearly indicated that SA can protect the DNA 

damage from UVB radiation. The molecular docking and molecular dynamics further 

confirmed that the SA binds to DNA via minor groove with a binding energy of ~-5.769 

kcal mol
-1

 and also conform to the spectroscopic results. Additionally, we have compared 

our findings with other reported hydroxycinnamic acid derivatives to get an idea about the 
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structure-activity relationship. In our view, the presence of bulky methoxy groups in SA 

affected its binding affinity with DNA. Finally, in the view of biological research, this report 

has successfully enlarged the scope for using SA as a drug and DNA binder with further 

scope for development. In addition, the work will encourage further development of SA 

analogous compounds in future for relevant pharmacological applications. 
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