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Abstract 19 

The binding interactions of bioactive compounds with proteins are of great importance in the 20 

food, biochemistry and pharmaceutical fields. Herein, the binding mechanisms between 5-O-21 

caffeoylquinic acid (5-CQA) and Ovalbumin (OVA) were investigated by multi-spectroscopic 22 

studies combined with docking and molecular dynamics (MD) simulations. The emission 23 

intensity of OVA was quenched by 5-CQA and Stern-Volmer analysis indicated the existence of 24 

a static suppression by OVA–5-CQA complex formation. Thermodynamic parameters revealed 25 

that the formation of complex was spontaneously driven by electrostatic and hydrogen-bonding 26 

interactions. Circle dichroism analyses showed that 5-CQA decreased the α-helix content of 27 

OVA structure from 58.05% to 54.32% upon increased OVA:5-CQA ratio to 1:3. Molecular 28 

docking results suggested 5-CQA forms hydrogen bond interactions with N88, T91, K92, N94, 29 

S98, F99, S100 and L101 residues of OVA. The experimental values were in good agreement 30 

with the calculated binding free energy values obtained by MD simulation (R2=0.89). 31 

Keywords: 5-O-caffeoylquinic acid; Ovalbumin; multi-spectroscopy; molecular docking; 32 

molecular dynamics simulation. 33 

  34 
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1. Introduction 35 

Polyphenols, exist ubiquitously in dietary fruits and vegetables, are suggested to help prevent a 36 

wide range of diseases and are highlighted as a promising group of protective or therapeutic 37 

agents (Chen, 2019; Su et al., 2019; Wang et al., 2019). Structural differences among 38 

polyphenols considerably influence their bioactivities, metabolism, absorption and their protein 39 

binding process in vivo (Moosavi-Movahedi et al., 2003; Walle, 2004; Moosavi-Movahedi et al., 40 

2004). Chlorogenic acids (CGAs) are a group of naturally occurring polyphenols including 41 

isomers of 3-O-caffeoylquinic acid (3-CQA), 4-CQA, 5-CQA, 3,4-dicaffeoylquinic acids (3,4-42 

diCQA), 3,5-diCQA, and 4,5-diCQA produced via the esterification of caffeic and quinic acids, 43 

among which 5-CQA (also named as chlorogenic acid) (Figure 1) is the predominant CGAs 44 

found in most of the edible plants and Chinese herbal medicine (Chen, 2019; Wang et al., 2017).  45 

As the natural antioxidants in various foods (e.g., potatoes, cabbages and apples) and beverages 46 

(e.g., yerba mate tea, green tea and coffee), commercially available CGAs are often used as 47 

pharmaceutical intermediate and important food additives (Chen, 2019; Wang et al., 2017; 48 

Manivel & Chen, 2020). Further, CGAs have been identified with multiple biological and 49 

pharmacological properties. CGAs are attracting attention due to their biological applications 50 

including anticancer, antifungal, antibacterial, antimicrobial, anti-inflammatory, antiviral, 51 

antithrombotic and antimutagenic activity (Wianowska & Gil, 2019; Dzah et al., 2020; Chen, 52 

Kitts & Ma, 2017). Clinical studies have inferred that the consumption of CGA-rich foods has a 53 

positive effect on diabetes, hypertension, cancer, gonad and liver function, neurological behavior 54 

(infant hyperactivity) and psychoactive responses, Alzheimer’s and Parkinson’s diseases 55 

(Manivel & Chen, 2020; Dórea & da Costa, 2005). 56 
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 In general, the bioactivity of 5-CQA on intestinal epithelial cells strongly depends on 57 

their bioaccessibility and bioavailability. However, the bioavailability of 5-CQA is reportedly 58 

low under normal physiological conditions (He et al., 2020). Furthermore, after ingestion, the 59 

antioxidant activity of this polyphenol persists only short period of time because of its fast 60 

metabolism in the human body (Spizzirri et al., 2009; Gu et al., 2017). Therefore, the 61 

improvement of bioavailability and stability of 5-CQA is of practical importance. In recent years, 62 

various analyses have been performed on the interactions between drugs and protein molecules 63 

to improve the properties of drugs or binding ligand (Tanzadehpanah et al., 2013; Mokaberi et 64 

al., 2019; Sadeghzadeh et al., 2020). Especially, the bioavailability and stability of polyphenols 65 

can be improved by forming non-covalent complexes or covalent conjugates with 66 

macromolecules, especially with proteins (Liu et al., 2015; Dai et al., 2019; Sharifi-Rad et al., 67 

2020). Recent study has shown how nanocurcumin interacts with proteins and lysozyme, which 68 

improves the stability and bioavailability properties of polyphenols (Kamshad et al., 2019; 69 

Mokaberi et al., 2020). Moreover, investigation on binding interaction between polyphenols and 70 

multisubunit proteins such as pepsin, lysozyme, bovine and human serum albumin (BSA and 71 

HSA) have contributed to the understanding of structural activity correlations (Ozdal et al., 72 

2013). In contrast, several studies have been conducted to analyze the site-specific interaction of 73 

5-CQA with serum proteins. The interaction strategy of 5-CQA with bovine and human serum 74 

albumin (BSA and HSA) altered their structural activities and exhibited the effective use in 75 

medical systems (Sinisi et al., 2015; Rawel et al., 2002; Kang et al., 2004). The covalent 76 

interaction of OVA–5-CQA conjugate prepared in the presence of H2O2 has been studied (Lu et 77 

al., 2018), however, the molecular basis and site-specific interaction and non-covalent binding 78 

mechanism of 5-CQA with ovalbumin (OVA) without the addition of free radical is not clear. 79 
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OVA, the most important protein in egg white, accounts for about 54% of the total egg white 80 

content (Yang et al., 2018). It is a phosphoglycoprotein with a three-dimensional arrangement 81 

consisting of 385 amino acid residues and weighing around 45 kDa (Bhattacharya & 82 

Mukhopadhyay, 2012). Due to its excellent nutritional value and emulsifying, foaming, and 83 

gelling characteristics, it is widely used as a functional ingredient in processed foods and has 84 

great industrial relevance (Mine, 2007; Liu et al., 2018a). 85 

Previous studies have shown that OVA is an effective ligand-binding protein that can 86 

bind with various small bioactive molecules including N‑Acetyl‑L‑Cysteine (Wang et al., 87 

2020), curcumin (Liu et al 2017; Liu et al., 2018b) and tangeritin (Shi et al., 2016) to modify the 88 

conformational structure of OVA, to increase solubility, stability, bioavailability and antioxidant 89 

activity of curcumin and to reduce the allergic effect of OVA. Recently, our group reported a 90 

site-specific interaction mechanism between a phenothiazine dye and OVA protein and found 91 

that both electrostatic and hydrophobic interactions play an important function in the structural 92 

stability of OVA-drug complex (Manivel, Parthiban & Ilanchelian, 2019; Rajamanikandan, 93 

Selva Sharma & Ilanchelian, 2019). Another study reported that the OVA protein has the ability 94 

to emerge as a carrier for bioactive polyphenols such as curcumin and it significantly improved 95 

the water solubility and photostability of curcumin. It is pertinent to note that the binding 96 

interaction between OVA and curcumin was enhanced via hydrogen bond (Hbond) formation 97 

(Liu et al., 2018b). Overall, given the importance and benefits of such OVA-drug/bioactive 98 

complexes, it is essential to understand the interaction and binding mechanisms between OVA 99 

and other drugs/bioactive molecules.  100 

Considering the interest of such research, we have decided to employ the possibility of 101 

higher order complex formation, site specific interaction and the binding ability of 5-CQA with 102 



6 
 

OVA. It is also essential to examine the interaction mechanism between OVA and 5-CQA. To 103 

our best knowledge, the site-specific interaction of 5-CQA and OVA has not been explored yet. 104 

Hence, the current study is focused on the investigation of the interaction between OVA protein 105 

with 5-CQA which is essential to study the binding mechanism and structural stability of the 106 

complex. 107 

 In the present work, a battery of multi-spectroscopic and computational techniques have 108 

been employed to determine the site-specific interaction of 5-CQA with OVA protein. The 109 

objective of this study was to explore (i) the possibility of higher order complex formation (ii) in-110 

depth insights into the binding affinities, (iii) interaction mechanisms and (iv) probable binding 111 

sites between 5-CQA and OVA using various spectral studies including UV-vis absorption, 112 

fluorescence emission and circular dichroism (CD) analysis. Molecular docking and molecular 113 

dynamic (MD) simulation techniques were used to (i) further validate the experimental results 114 

from optical techniques (ii) more precisely characterize the binding site and (iii) explore the 115 

mechanistic behavior of 5-CQA with OVA protein.  116 

2. Materials and methods 117 

2.1. Materials 118 

Ovalbumin (OVA) was obtained from Sinopharm Chemical Reagent Co, Ltd (Sanghai, China) 119 

and the purity was ~ 98%. The molar extinction coefficient (28,400 dm3 mol-1 cm-1) was used to 120 

calculate the concentration of OVA protein at 278 nm. 5-CQA was purchased from Chengdu 121 

Must Bio-Technology Co. Ltd. (Chengdu, China). All of the chemicals exploited in this study 122 

were of analytical grade. 123 

 124 
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2.2. Emission and absorption spectroscopy analysis 125 

The emission measurements were recorded with a fluorescence spectrophotometer (RF-5301, 126 

Shimadzu, Japan) and the path-length of 1.0 cm quartz cuvette was used for analysis. The stock 127 

solution of 5-CQA (5 mL, 5 × 10-4 mol dm-3) was prepared using double distilled water and 128 

ethanol mixture and PBS buffer was used to made up to the mark to attain pH 7.40. The 3.0 mL, 129 

5 × 10-6 mol dm-3 OVA concentration was prepared using PBS buffer (pH 7.40). The working 130 

solution of OVA (3.0 mL, 5 × 10-6 mol dm-3) was taken in a quartz cell and it was further titrated 131 

with the successive addition of 3 μL of 5-CQA solution (2 × 10-4 mol dm-3). The OVA–5-CQA 132 

solution (pH 7.4) was uniformly mixed, equilibrated for 10 minutes and then the fluorescence 133 

emission analysis was measured. Emission spectra in the wavelength range of 300 - 500 nm were 134 

examined at the excitation wavelength of 295 nm at various temperatures including 298, 303, 135 

308 and 313 K. Slit widths of emission and excitation were set as 10 and 6 nm, correspondingly. 136 

Synchronous fluorescence analysis of OVA with different concentrations of 5-CQA were 137 

recorded at two wavelength intervals such as Δλ =15 nm and Δλ =60 nm, respectively at 298 K.  138 

 The UV-vis absorption measurement was performed with JASCO V-630 UV-visible 139 

spectrophotometer (JASCO, Japan) using quartz cuvettes (path length = 1.0 cm). Absorption 140 

spectra in the wavelength range of 200 - 400 nm were recorded at 298 K. In the measurements, 141 

the OVA concentration was fixed at 5 × 10-6 mol dm-3 and the increasing concentrations of 5-142 

CQA (0.00, 0.60, 1.20, 1.80, 2.40, 3.00, 4.00 and 5.00 × 10-6 mol dm-3) were added at 298 K (pH 143 

7.40). Moreover, the absorption spectra of 5-CQA (2.00 × 10-6 mol dm-3) with various 144 

concentrations of OVA (0.00, 0.50, 1.00, 1.50 and 2.00 × 10-6 mol dm-3) were also recorded at 145 

298 K (pH 7.40). The OVA–5-CQA solution was uniformly mixed and equilibrated (10 min) 146 

before measuring the absorption spectra. 147 
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2.3. Circular dichroism spectroscopy 148 

The changes in the secondary structure of OVA in the 5-CQA solution were detected with a 149 

JASCO-810 spectropolarimeter (JASCO, Japan). The CD spectra of OVA alone and OVA–5-150 

CQA complex were determined within the wavelength range of 200 - 250 nm using two different 151 

path length of the cuvette (path length = 1 cm and 0.1 cm). The OVA–5-CQA complex 152 

concentration was diluted using PBS buffer (0.1 M, pH 7.4) and the mole ratio of OVA to 5-153 

CQA was controlled with four different ratios (1:0, 1:1, 1:2 and 1:3). The determined mean 154 

residue ellipticity (MRE) value was used to calculate the α-helical content of OVA and OVA–5-155 

CQA complex. 156 

2.4. Computational analysis 157 

2.4.1. Preparation of OVA protein and 5-CQA structure  158 

The computational investigation was carried out using Schrödinger suite 2020-2 (Schrödinger, 159 

LLC, New York, NY, 2020). The crystal structure of the thermostabilized serpin form of S-OVA 160 

(PDB ID: 1UHG (Yamasaki, Takahashi & Hirose, 2003); 1.9 Å resolution; chain A) in apo 161 

(ligand-free) conformation was obtained from PDB (Protein Data Bank) data file 162 

(http://www.pdb.org/pdb/home/home.do). In order to have the protein coordinates in the pre-163 

processed form that is suitable for subsequent analysis, the protein coordinates were subjected to 164 

the “Protein Preparation Wizard” (Protein Preparation Wizard; Epik, Schrödinger, LLC, New 165 

York, NY, 2016). During this process, the unwanted ions, crystallographic ligands, modified 166 

residues and the co-factors were removed; the missing side chains and the loop regions were 167 

fixed; subsequently, the protonation states were set to PROPKA at pH 7; the bond order 168 

constraints to the neighboring atoms were set to 0; finally, the OVA structure was optimized with 169 

http://www.pdb.org/pdb/home/home.do
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addition of appropriate hydrogen atoms and thoroughly minimized to a root-mean squared 170 

deviation (RMSD) for up to 0.5 Å that can be used for further analysis. Since no prior 171 

information available regarding the binding details of OVA, its binding site was predicted using 172 

the sitemap tool (Schrödinger Release 2020-2: SiteMap, Schrödinger, LLC, New York, NY, 173 

2020). The predicted binding site was surrounded by L87, N88, T91, K92, P93, N94, S98, F99, 174 

S100, L101, L124, Y125, R126, W148 and Q152 residues that produced large cavity, top 175 

sitemap score together with the proximal tryptophan residue was chosen for receptor grid 176 

generation (15 × 15 × 15 Å). On the other hand, the 5-CQA structure was sketched in 2D 177 

conformation using Chem draw ultra 7.0 software. Subsequently, the 5-CQA was processed 178 

thoroughly using LigPrep module (Schrödinger Release 2020-2: LigPrep, Schrödinger, LLC, 179 

New York, NY, 2020) for docking.  180 

2.4.2. Molecular docking studies 181 

During this process, the 5-CQA was converted to 3D conformation using the all-atom OPLS3e 182 

force field by the adding missing hydrogens, assigning formal charge, generating all plausible 183 

poses based on ionization and tautomeric states. Now the minimized and grid-centered OVA 184 

structure and the preprocessed multiple conformation of 5-CQA were subjected to the Glide 185 

panel (Schrödinger Release 2020-2: Glide, Schrödinger, LLC, New York, NY, 2020.) docking in 186 

Extra Precession (XP) mode with default parameters. The top five low energy docked poses were 187 

alone selected and graphically examined for its crucial interactions. The ligand pose that 188 

displayed a consensus pattern and the binding mode that is proximal to the tryptophan (W148) 189 

was alone selected as the representative for MD simulations.  190 

 191 
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2.4.3. Molecular Dynamics (MD) Simulations Setup  192 

In order to estimate the thermodynamics properties of 5-CQA bound to OVA, the most 193 

representative structure from the docking pose result was subjected to the system builder panel in 194 

Schrödinger to construct MD simulation systems. Initially, the OVA–5-CQA complex was 195 

solvated using TIP3P water model, centered in the orthorhombic box generated at 10 Å distance 196 

from the surface of the OVA. The system charge was neutralized with the addition of Na+ ions 197 

with the 0.15 M NaCl salt concentration. Finally, the OPLS3e force field was implemented to 198 

build the OVA–5-CQA complex with ions and solvent for MD simulation.  199 

2.4.4. Simulation protocol 200 

The Desmond module (Schrödinger Release 2020-2: Desmond Molecular Dynamics System, D. 201 

E. Shaw Research, New York, NY, 2020) was employed to carry out MD simulations with 202 

OPLS3e force field that comprise series of relaxation protocol. Initially, the system was 203 

subjected to a (i) 100 ps NVT Brownian Dynamics at the temperature of 10 K, and restraints on 204 

solute heavy atoms for 1 fs time step. Subsequent steps used the Langevin algorithm. Next, (ii)  205 

12 ps time step of NVT ensemble with Berendsen temperature maintained at 10 K with restraints 206 

on solute heavy atoms, followed by (iii) 12 ps time step of NPT ensemble with temperature (10 207 

K) and 1 atm with Berendsen pressure and temperature coupling. Afterward, (iv) the solute 208 

heavy atoms were restrained in NPT conditions for 500 ps with Berendsen temperature and 209 

pressure coupling was set to 300 K and 1 atm. Afterward, (v) all restrains applied on the solute 210 

heavy atoms were relaxed with the NPT conditions with Berendsen temperature and pressure 211 

coupling was set to 300 K and 1 atm. During all these steps, a 50.0 kcal/mol restrain force was 212 

applied to the solute heavy atoms. Finally, (vi) an unrestrained 100 ns production molecular 213 
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docking simulation was evaluated using NPT ensemble. A 2 fs time step integration was applied 214 

to collect energies, and trajectory data at a regular interval of 1.2 and 4.8 ps, correspondingly. 215 

Here, 1 atm pressure was used using the Langevin method. The Particle-Mesh-Ewald (PME) 216 

method with 9.0 nm cutoff radius was used for Coloumbic interactions. Four independent 217 

simulation systems were prepared at various temperatures such as 298, 303, 308 and 313 K 218 

maintaining periodic boundary conditions (PBC). The k-space Gaussian split Ewald (Shan et al., 219 

2005) and uniform density approximation methods were used to monitor the long-range 220 

electrostatics and van der Waals, respectively and its forces were updated every third step. The 221 

short-range nonbonded interactions cutoff was set to 10 Å and its forces were updated every step 222 

using r-RESPA integrator. The M-SHAKE integrator was used to constrain hydrogen atoms in 223 

the system.  224 

2.4.5. Trajectory analysis 225 

All the trajectories obtained using MD simulations were analyzed using Simulation Quality 226 

Analysis and Simulation Interaction Diagram tools. The intermolecular H-bond contacts and the 227 

distance between the W148 and 5-CQA were estimated using interaction count option.  228 

2.4.6. Binding free energy calculations 229 

The binding free energy values were determined for OVA and 5-CQA using thermal_mmgbsa.py 230 

script. The program employs molecular mechanics–generalized born surface area (MMGBSA) 231 

binding energies estimation method using OPLS3e force field with default prime protocol. The 232 

OPLS3e force field uses CM1A-BCC based charge model in the combination of Cramer-Truhlar 233 

CM1A charges with an extensive Bond Charge Correction (BCC) parameter. The dielectric 234 

constant was set as 1 and 80 for solute and the solvent, respectively. By default, the free energy 235 
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estimation generates H-bond, van der Waals, GB solvation, Coulombic, pi-pi stacking, lipophilic 236 

and self-contact interaction terms for receptor only, ligand only and receptor-ligand complex, 237 

respectively. The total BFE was calculated by the below equation.  238 

∆G(bind) = G(complex) - G(ligand) + G(receptor). The total energies can further subdivide into Elipophilic 239 

Eelectrostatics and EvdW interaction components, where  240 

Eelectrostatics= Ehbond + Ecoloumb + EGB_solvation and EvdW=  EvdW + Eπ–π + Eself-contact and Elipophilic. The 241 

mmgbsa method in Schrödinger lacks the estimation of conformational entropic values, which 242 

might result in higher negative values when compared to the actual values from the binding 243 

experiments.  244 

3. Results and discussion 245 

3.1. The binding mechanism between OVA and 5-CQA through fluorescence emission 246 

results 247 

3.1.1. Analysis of Fluorescence emission spectra of OVA in the presence of 5-CQA 248 

Fluorescence emission spectroscopy can be used to obtain the information on conformational 249 

changes in tertiary structure of OVA protein. Amino acid residues, such as tryptophan residues 250 

(W148, W184 and W267) were the major fluorophores. Upon drug interaction with OVA 251 

protein, these residues play a vital role in the conformational (quaternary state) change (Lu et al., 252 

2018). Also, the tryptophan emission analysis helps to uncover the information about the 253 

conformational changes of OVA protein and avoids the contribution of tyrosine residue. This 254 

was accomplished by selecting 295 nm as the excitation wavelength for OVA protein (Lu et al., 255 

2018).  256 
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Figure 2A displays the emission spectral results of OVA in absence and presence of 257 

different 5-CQA concentrations at 298 K. In the absence of 5-CQA, the maximum emission 258 

wavelength for the OVA was observed at 343 nm (Figure 2A(a)). The increase in concentrations 259 

of 5-CQA significantly reduced the emission intensity of OVA (Figure 2A(a-m)), which suggests 260 

that the aforementioned tryptophan residues (W148, W184 and W267) are highly involved in the 261 

interaction. A similar finding was observed when grafting methylene blue to OVA (Manivel, 262 

Parthiban & Ilanchelian, 2019). This change in OVA emission intensity highlights the OVA–5-263 

CQA complex formation, resulting in tryptophan being embedded in a hydrophobic cavity within 264 

the OVA protein scaffold.  265 

Fluorescence emission spectral measurements can also be influenced by the well-known 266 

effect called inner filter's effect (IFE). Subsequently, in the present investigation, the following 267 

equation (Eqn. 1) was used to regularize the IFE (Lakowicz, 2006). 268 

𝐹𝑐𝑜𝑟𝑟 = 𝐹𝑜𝑏𝑠 × e
(𝐴𝑒𝑥𝑐+𝐴𝑒𝑚𝑖)

2                                   .      (1) 269 

where, Fobs and Fcorr are the observed and corrected emission intensities, and the Aexc and Aemi are 270 

the absorption of 5-CQA at the excitation (295 nm) and emission (343 nm) wavelengths, 271 

respectively. The plot of normalized emission intensity (F/F0) of observed and corrected 272 

emission intensities vs. various concentrations of 5-CQA with OVA is shown in supplementary 273 

data (Figure S1). Upon increasing the concentrations of 5-CQA with OVA, the F/F0 values of 274 

the observed and corrected intensities varied drastically, which indicates that the fluorescence 275 

emission quenching of OVA protein was moderately influenced by IFE of 5-CQA. Hence, all 276 

emission intensities were corrected and the resultant noticeable emission quenching of OVA 277 
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protein by 5-CQA is probably due to binding or collisional quenching and are elucidated in the 278 

following section.  279 

3.1.2. Exploring the quenching mechanism, binding constant and thermodynamic 280 

properties 281 

In general, the widely used Stern-Volmer plot can be utilized to elucidate the quenching 282 

mechanism between protein and drug. Accordingly, the following Stern-Volmer equation (Eqn. 283 

2) was used to find the quenching mechanism between OVA and 5-CQA (Lakowicz, 2006). 284 

𝐹0

𝐹
= 1 + 𝐾𝑆𝑉[𝑄] (or) 

𝐹0

𝐹
= 1 + 𝑘𝑞τ0[𝑄]                                             (2) 285 

 where, F0 and F are the corrected emission intensities in the absence and presence of 5-286 

CQA, respectively. τ0 is the average lifetime (τ0 = 10-8 s), kq is the bimolecular diffusion 287 

quenching rate constant (2.0 × 1010 L mol−1s−1), and [Q] is the quencher concentration (5-CQA) 288 

and KSV is the Stern-Volmer quenching constant (Lakowicz, 2006). Also, the binding constant 289 

value was calculated according to the double logarithmic equation (Eqn. 3): 290 

log [
𝐹0−𝐹

𝐹
] = log 𝐾𝑏 + 𝑛 log [𝑄]                (3) 291 

where, Kb is the binding constant, n is the number of binding sites, The IFE corrected 292 

data associated with the emission quenching process were examined by the Stern-Volmer and 293 

double logarithmic equation. 294 

Since the static quenching is different from dynamic quenching due to temperature 295 

effects, the emission spectral studies at different temperatures are examined to find the possible 296 

quenching mechanism and binding parameters such as 𝐾𝑆𝑉, 𝐾𝑏 and ‘n’ (Lakowicz, 2006; Dantas 297 

et al., 2017). The plot of Stern-Volmer and Double logarithmic equation for the interaction of 5-298 
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CQA with OVA at four various temperatures (298, 303, 308 and 313 K) are displayed in Figure 299 

2B. The plot of F0-F vs [5-CQA] and 1/[F0-F] against 1/[5-CQA] shows a good linearity. It can 300 

also notice that the curve remains linear across the concentration used. This demonstrates that a 301 

single type of quenching mechanism occurred that is either dynamic or static quenching. The 302 

binding constant values (Ksv) for OVA–5-CQA complex were calculated from the intercept and 303 

slope of each plot and the resultant values are presented in Table 1.  304 

The fluorophore quenching can occur via various mechanisms, such as the dynamic and 305 

static quenching. At higher temperatures, the diffusion coefficient increases and the number of 306 

collisions between the fluorophore (protein) and the quencher (5-CQA) increases, resulting in 307 

dynamic quenching as the Ksv increases with temperature. In addition, the static quenching is 308 

indicated when the constant values decrease with respect to the temperatures since the stability 309 

of fluorophore-quencher (OVA–5-CQA) complex affected significantly upon increasing 310 

temperature (Lakowicz, 2006; Dantas et al., 2017).  The bimolecular quenching constants (kq) of 311 

the OVA–5-CQA complexes were calculated using the relation kq = Ksv/τ0 and are found to be 312 

2.509, 2.079, 1.659 and 1.308 × 1013 dm3 mol-1 s-1 at 298, 303, 308 and 313 K, respectively. 313 

According to the results, the calculated bimolecular quenching constant (2.509 × 1013 dm3 mol-1) 314 

is far greater than the maximum scatter collision quenching constant (2.00 × 1010 dm3mol-1s-1) 315 

(Ma et al., 2020). Further, the values of Ksv and kq decreased with increasing temperatures from 316 

298 K to 313 K. These results revealed that the interaction process between 5-CQA and OVA 317 

mainly occurred by a static quenching mechanism. 318 

 Figure 2(C) shows the double logarithmic plot for the OVA–5-CQA complex at 298, 319 

303, 308 and 313 K. Further, binding constant 𝐾𝑏  values were calculated using the dual 320 

logarithmic equation as a function of temperature (Table 1), indicating that 5-CQA has a strong 321 
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binding affinity for OVA. It can be noticed from Table 1 that the calculated 𝐾𝑏values are differ 322 

from the 𝐾𝑆𝑉  values. Possible reason for this difference in values is that the  𝐾𝑏  reflects the 323 

affinity of the OVA binding to the 5-CQA, whereas 𝐾𝑆𝑉 indicates the sensitivity of fluorophore 324 

to 5-CQA quencher (Lakowicz, 2006; Abdollahpour et al., 2016). On the other hand both of the 325 

observed binding constant values (𝐾𝑏 and Ksv) imply two different concepts from the view point 326 

of interaction behavior (Mokaberi et al., 2020). The value of Ksv help us to ascertain the possible 327 

quenching mechanism (i.e., either static or dynamic) in the OVA–5-CQA system. Moreover, 𝐾𝑏 328 

represents the binding constant value of the OVA–5-CQA system. This is observed when the 329 

equilibrium between the free and bound forms is achieved when the small molecule binds 330 

independently to an equivalent set of binding sites in the protein. Further, the n values obtained 331 

for the interaction of 5-CQA with OVA at 298, 303, 308 and 313 K are 1.12, 1.08, 1.01 and 332 

0.97, respectively (Table 1). These values are close to 1 unit, therefore, the stoichiometry of the 333 

complex between OVA and 5-CQA is 1:1, possibly demonstrating only one preferential binding 334 

site of OVA with 5-CQA during their interactions. Alternately, these results mean that almost 335 

one molecular of 5-CQA binds to one molecular of OVA protein (Li & Yan, 2017). 336 

 In general, the change in enthalpy (𝛥𝐻°) and entropy (𝛥𝑆°) of reaction are the major 337 

thermodynamic parameters that confirm the binding mode between proteins and drugs. 338 

Accordingly, we examined the values of 𝛥𝐻° and 𝛥𝑆° to predict major forces such as van der 339 

Waals forces, hydrophobic interactions, electrostatic forces, and Hbonds involved between OVA 340 

and 5-CQA as a function of temperature. For this reason, the temperature dependence of the 341 

binding constant was investigated using four different temperatures, such as 298, 303, 308, and 342 

313 K. These experimental temperatures were chosen so that the OVA protein was not 343 

structurally degraded (Rashidipour, Naeeminejad & Chamani, 2016; Shakibapour et al., 2019). 344 
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Moreover, thermodynamic parameters such as 𝛥𝐻° and entropy 𝛥𝑆° for the binding of 5-CQA 345 

with OVA were calculated using van’t Hoffs (Eqn. 4) and Gibbs-Helmhotz equation (Eqn. 5) 346 

(Sohrabi et al., 2018; Shakibapour et al., 2019).  347 

ln 𝐾𝑎 =  −
𝛥𝐻°

𝑇𝑅
+ 

𝛥𝑆°

𝑅
                                                                                    (4) 348 

∆𝐺° =  𝛥𝐻° − 𝑇𝛥𝑆°   (𝑜𝑟)   ∆𝐺° = −𝑅𝑇 ln 𝐾𝑎      (5) 349 

where, 𝐾𝑎  corresponds to the binding affinity constant, T (K) represents the absolute 350 

temperature.  351 

 Based on 𝐾𝑏 values obtained at different temperatures (298, 303, 308 and 313 K), the 352 

thermodynamic parameters are determine (Table 1) to verify the (i) tendency of spontaneity as 353 

well as the (ii) main forces involved in the binding reaction between OVA and 5-CQA. The 𝛥𝐻° 354 

and 𝛥𝑆° values can be estimated from the intercept and slope of linear plot (Figure S2) of ln (𝐾𝑎) 355 

and 1000/T. The free energy change (∆𝐺°) is then calculated from Eqn. 5 and the resultant 356 

values are given in Table 1, which shows the values of 𝛥𝐻° and 𝛥𝑆° for OVA–5-CQA complex, 357 

and are -33.878 kJ mol-1 and -11.864 J mol-1 K-1, respectively. In addition, the values of T∆S° for 358 

the interaction of OVA with 5-CQA at 298, 303, 308 and 313 K were estimated and are found to 359 

be -10.884, -11.067, -11.250 and -11.432 kJ mol-1, respectively.  Previous studies showed that 360 

the van der Waals and Hbond interactions could be the main driving forces for various complexes 361 

including chlorogenic acid-, ferulic acid-, apigenin-, naringenin-β-lactoglobulin (milk whey 362 

protein) (Jia et al., 2017; Li et al., 2018). Likewise, another study unraveled the binding 363 

interaction between OVA protein and cyanidin-3-O-glucoside that demonstrates the major forces 364 

involved in the binding process are Hbond and van der Waals interactions (Fu et al., 2020). 365 

Consequently, it is understood from the noticed negative values of both 𝛥𝑆° and 𝛥𝐻° that the 366 

binding process is due to the van der Waals and Hbond interactions between OVA and 5-CQA. 367 
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Furthermore, the observed negative value of 𝛥𝐺° indicates the binding interaction between 5-CQA 368 

and OVA, which is spontaneous in all experimental conditions. 369 

3.2. The conformational changes of OVA–5-CQAcomplex 370 

3.2.1. Absorption spectra before and after interaction of 5-CQA with OVA  371 

Absorption spectroscopy is a simple and intuitive technique to monitor the structural changes in 372 

OVA due to 5-CQA binding. The UV-vis absorption spectra of OVA in the various 373 

concentrations of 5-CQA ranging from 0.00 to 5.00 × 10-6 mol dm-3 were monitored and depicted 374 

in Figure 3A. In absence of 5-CQA, OVA displays the absorption peaks at 279 nm, which 375 

reflects the aromatic amino acid residues namely tryptophan and tyrosine present in the OVA. 376 

Upon the titration of increasing 5-CQA concentrations, absorption intensity of OVA increased 377 

with a remarkable red shift around 6 nm along with the appearance of new peak around 325 nm, 378 

which reveals the increase in the hydrophobicity of the microenvironment around aromatic 379 

amino acid residues of OVA. Besides, as evident form Figure 3B, the observed new peak around 380 

325 nm is ascribed to the absorption intensity of 5-CQA (Tang et al., 2016). In order to evaluate 381 

the influence of 5-CQA, the absorption spectra of 5-CQA (2.00 × 10-6 mol dm-3) in the presence 382 

of different concentrations of OVA protein from 0.00 to 2.00 × 10-6 mol dm-3 was evaluated and 383 

are given in Figure 3C. Upon increasing concentrations of OVA, no significant peak change is 384 

observed around 325 nm. This is probably due to the nonoccurrence of the oscillation strength of 385 

ligand chromophore group. Besides, this confirms the binding interaction of 5-CQA with OVA 386 

nonspecifically and primarily by electrostatic mechanism (Vardevanyan, Antonyan, 387 

Parsadanyan, Shahinyan, & Mikaelyan, 2019).  388 
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Further, the observed significant absorbance of the OVA protein in the absorption spectra 389 

in the range of 320-360 nm could indicate the overlapping contribution. Therefore, in order to 390 

rule out the light scattering and overlapping contribution, we evaluated appropriate subtraction of 391 

OVA–5-CQA spectra with the 5-CQA spectra ((OVA–5-CQA) – 5-CQA). Inset of Figure 3A 392 

shows the difference absorption spectra of OVA:5-CQA [1:1] complex, 5-CQA and OVA. As 393 

evidenced from the inset of Figure 3A, the absorption spectra of (OVA–5-CQA) – 5-CQA is not 394 

superposed with the native OVA spectra. In addition, the absorption intensity at 279 nm 395 

increased along with red shift compared to OVA. It is well known that complex formation 396 

between ligand and protein often results in a change in the absorption spectrum of the protein 397 

(Sharma et al., 2020; Manivel, Anandakumar & Ilanchelian, 2015; Lakowicz, 2006). Overall, the 398 

observed increase in absorption intensity at 279 nm with the addition increasing concentrations 399 

of 5-CQA clearly demonstrates the formation of ground state complex between 5-CQA and 400 

OVA (Tang et al., 2016; Abdullah et al., 2017; Shanmugaraj et al., 2017). Consequently, the 401 

change in the absorption intensity of OVA infers that the quenching of OVA by 5-CQA is 402 

mainly due to static quenching mechanism. This is in good agreement with the fluorescence 403 

emission spectral results. Further, in order to identify the changes in the α-Helix content of OVA 404 

protein in the presence of 5-CQA, CD spectroscopic analysis were studied. 405 

 CD spectroscopy is one of the most promising technique to evaluate the conformational 406 

changes that take place in the secondary structural region of the protein-ligand complex system. 407 

Confirmatory evidence in favour of the conformational changes in OVA binding with 5-CQA 408 

were studied by CD spectroscopy. Figure 4 shows the CD spectra of OVA in the absence and 409 

presence of increasing concentrations of 5-CQA (OVA:5-CQA = 1:1, 1:2 and 1:3) at 1 cm path 410 

length of the cuvette. CD spectra of OVA showed two distinct negative peaks (208 and 222 nm), 411 
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which is due to the typical α-helix structure of the OVA (Kawachi et al., 2013). With an addition 412 

of 5-CQA, the CD signals of OVA decreased and there was no remarkable shift in peak position 413 

was observed, demonstrating a decrease of the α-helix secondary structure of OVA by 5-CQA. 414 

The α-helical content of OVA in 5-CQA free form (1:0) and OVA–5-CQA (OVA:5-CQA = 1:1, 415 

1:2 and 1:3) complex is computed from MRE at 222 nm using the following equations (Eqn. 6 416 

and 7) (Lin et al., 2014). 417 

    MRE =  
Observed CD(mdeg)

(Cpnl × 10)
                     (6) 418 

α − Helix content (%)  =  ⌊
−MRE222− 4000

33000− 4000
⌋ ×  100              (7) 419 

 where, MRE is the mean residue ellipticity, CP and ‘n’ are the molar concentration of the 420 

protein and number of amino acid residues, respectively. Where, MRE222 is the observed MRE 421 

value at 222 nm.  422 

 Quantitative investigation of the α-helical content was obtained from two different 423 

equations (i.e., eqn 6 and 7). The observed α-helical content values of OVA:5-CQA ratios 1:0, 424 

1:1, 1:2 and 1:3 were 58.05 ± 1.13%, 57.07 ± 1.55%, 55.96 ± 2.01% and 54.32 ± 2.35%, 425 

respectively. Similarly, in order to evaluate the α-helical content, the CD spectra of OVA in the 426 

absence and presence of increasing concentrations of 5-CQA at 0.1 cm path length of the cuvette 427 

were recorded and the results are shown in Figure S3. These results demonstrated that the 428 

secondary structure of OVA changed with the addition of 5-CQA with the α-helical content of 429 

OVA decreased (1:1, 1:2 and 1:3 = 58.03 ± 1.02%, 56.96 ± 1.11%, 55.35 ± 1.35% and 54.09 ± 430 

1.42%, respectively) compared to OVA alone (57.01 ± 1.42%). Hence, the secondary structure 431 

measurement exposed a significant alter of α-helical content for OVA–5-CQA complex. The CD 432 
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results further revealed that 5-CQA promoted the structural changes of OVA and significant 433 

change in its α-helix stability. 434 

3.2.2. Synchronous fluorescence studies  435 

Synchronous fluorescence studies were performed to further investigate the 5-CQA induced 436 

structural changes in OVA protein, as it is sensitive to the changes in the microenvironment of 437 

phenolic group in OVA protein. The synchronous emission spectra of OVA–5-CQAcomplex was 438 

conducted at different wavelengths such as Δλ = 15 nm and Δλ = 60 nm, respectively. Herein, 439 

Δλ = 15 nm corresponds to alters in the microenvironment of tyrosine residues, Δλ = 60 nm 440 

corresponds to changes in polarity around tryptophan residues (Li et al., 2015). 441 

Synchronous fluorescence spectra of OVA at two different wavelength intervals (Δλ = 15 442 

nm and Δλ = 60) at different 5-CQA concentrations are displayed in Figure S4(A) and S4(B), 443 

respectively. Figure S4(A) shows that there was a red shift in the maximum emission wavelength 444 

from 309 to 313 nm in the OVA–5-CQA mixture when Δλ is set at 15 nm, which suggests that 445 

the polarity of the tyrosine microenvironment decreased after the formation of complexation 446 

between 5-CQA and OVA protein. Conversely, when Δλ = 60 nm (Figure S4B), there was a 447 

significant shift in the maximum emission wavelength of the complex from 345 to 349 nm, 448 

indicating that the polarity of the tryptophan microenvironment also changed. Therefore, the 449 

results of the synchronous emission spectra speculate that the polarity around the tyrosine and 450 

tryptophan residues increases with decreasing hydrophobicity. Finally, based on the 451 

confirmational analysis, it is evident that the binding of 5-CQA to OVA influenced the 452 

conformational changes in proteins native structure. This corollary has been documented well in 453 

the studies on fluorescence emission quenching. 454 
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3.3. Computational investigation of OVA–5-CQA complex 455 

3.3.1. Identification of binding pockets for OVA 456 

The three-dimentional (3D) structure of OVA in apo (ligand-free) conformation was determined 457 

by Yamasaki et. al (Yamasaki, Takahashi & Hirose 2003) at high resolution (1.9 Å) was used for 458 

this current study. As the binding site information for OVA is not available, it is necessary to 459 

identify the binding pockets and predict the binding properties, for which the sitemap program 460 

was employed. The sitemap tool extensively investigates the protein surface and identifies the 461 

potential binding sites based on pocket parameters such as, enclosure by protein, exposure to 462 

solvent, size, ratio of Hbond acceptors and donors, especially hydrophobicity, hydrophilicity and 463 

a determined ratio thereof. The higher surface area on the protein favors higher druggability 464 

scores, represents higher pocket polarity as required for binding of small-molecule drugs. Figure 465 

5A shows the secondary structure representation (α-helices – red and β-sheets – cyan) of the apo 466 

form of (ligand-free; PDB ID: 1UHG) OVA. The positions of tryptophan residues (W148, W184 467 

and W267) were highlighted in CPK representation (carbon atoms – yellow) (Figure 5A).  468 

 Here, the sitemap analysis on preprocessed OVA with 5-CQA produced 5 top-ranked 469 

potential binding sites together with score values (Table 2). Initially, all five top-rank predicted 470 

sites were graphically investigated for its position proximal to any tryptophan residue on OVA 471 

surface. The investigation revealed that the predicted site is proximal to W148 residue exhibited 472 

the larger concave surface area (1505.12 Å3) on OVA surface. In particular, the total volume for 473 

the predicted site 1 accounts for 3894.13 Å3 that can potentially bind ligands tighter into the 474 

pocket. On the contrary, no other sites were observed proximal to tryptophan residue or covering 475 
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larger concave surface area on OVA surface, in comparison with site 1. Therefore, the site 1 was 476 

considered as the potential binding site and selected for further analysis (Figure 5B). 477 

3.3.2. Identification of plausible binding mode for 5-CQA inside OVA protein through 478 

docking 479 

To evaluate the plausible binding mode of 5-CQA with OVA, docking calculations was 480 

performed. For this, the binding site predicted based on sitemap analysis (site #1) that displayed 481 

larger surface area was chosen as the grid center and subjected to docking analysis using Glide 482 

program with default parameters. The Glide program utilizes all the preprocessed 5-CQA 483 

conforms from Ligprep and performs an exhaustive search inside the predicted binding pocket of 484 

OVA to identify low energy conformational pose together with docking scores. 485 

Initially, the docking outputs with an ensemble of conformational poses were graphically 486 

investigated, which reveals that all the poses were buried inside the binding pocket. 487 

Subsequently, the docked poses were closely investigated for its bonded and non-bonded 488 

interactions. The results revealed that 5-CQA is well stabilized inside the OVA binding pocket 489 

and tightly surrounded by L87, N88, T91, K92, P93, N94, S98, F99, S100, L101, L124, Y125, 490 

R126, W148 and Q152 residues. After thorough investigation, the selected binding pose revealed 491 

that 5-CQA forms polar contacts with N88, T91, K92, N94, S98, S100 and L101 residues, while 492 

other residues such as L87, P93, L124, Y125, R126 and Q152 provide additional support for the 493 

complex stability with the glide score of -48 kcal/mol. (Figure 5(C and D)). The conformational 494 

poses that showed weak interactions with the binding pocket (partially buried or interacting on 495 

the surface) and no polar contacts were ignored (Figure 5(C and D)). Based on these 496 



24 
 

observations the selected docked conformation was chosen as the best binding mode and used for 497 

further evaluations. 498 

Recently reported docking study demonstrates that the hydrogen bonds formation 499 

between N-Acetyl-L-Cysteine and OVA highly contributes to the stable binding mode (Liu et al., 500 

2017). Likewise, in the present study, our docking results confirm that the formation of polar 501 

contacts with the aforementioned amino acid residues of OVA provides complex stability. It is 502 

noteworthy from the CD results that the α-helix content of free and bound proteins decreased 503 

from 58.05% (OVA only) to 54.32% (1:3 ratio of OVA–5-CQA complex), indicating a change in 504 

the secondary structure content of the OVA in the presence of 5-CQA. This demonstrated that 505 

they are structurally stabilized with electrostatic and Hbond interactions (Mokaberi et al., 2019). 506 

Therefore, the results obtained from molecular docking were in good agreement with the CD 507 

results. In addition, the experiments such as fluorescence emission quenching, UV and 508 

synchronous fluorescence highlighted the static quenching mechanism, with the van der Waals 509 

and Hbond as the significant driving forces. These results also corroborated well with the 510 

docking studies.  511 

3.3.3. MD simulations OVA–5-CQA complexes at different temperatures 512 

In order to estimate the stability of predicted binding mode of 5-CQA with OVA, the 513 

representative coordinates from the docking evaluation were subjected to MD simulation for 100 514 

ns time period. Furthermore, to gain insight towards the thermodynamic properties of the OVA–515 

5-CQA complex, the MD simulations were extensively sampled by applying 298, 303, 308 and 516 

313 K temperature as a factor. These temperatures were selected to maintain consistency with 517 

our experimental studies. Finally, the molecular mechanics-generalized born surface area (MM-518 
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GBSA) approach was applied to estimate the BFEs for the complex. The BFEs were computed 519 

based on the average snapshots obtained from the evenly spaced configurations from the MD 520 

trajectories.  521 

Initially, the MD trajectories were analyzed for root-mean-squared-deviation (rmsd in Å) 522 

analysis. For this, the Cα coordinates in each snapshot of OVA were compared with its initial 523 

snapshot and plotted (Figure 6A). From the rmsd graphs, it is observed that the trajectories 524 

corresponding to the OVA–5-CQAcomplexes at different temperatures show (i) noticeable 525 

variations amongst the complexes, but (ii) no drastic fluctuations in RMSD values in comparison 526 

with the initial structure were observed. The complex system corresponding to the temperature 527 

298 K and 313 K has reached the equilibrium phase approximately at 1.75 Å, 1.5 Å, whereas, the 528 

complex corresponding to the temperature 303 K and 308 K has reached the equilibrium phase 529 

approximately at 1.25 Å, over the time period, respectively. At the end, all the simulations have 530 

reached the equilibrium state approximately at 1.5 Å, respectively. Therefore, the snapshots 531 

obtained from the trajectories corresponding to the last 40 ns were used for the energy 532 

estimations.  533 

Next, all the trajectories were subjected to the root-mean squared fluctuation (rmsf in Å) 534 

analysis to identify the critical spots on the proteins that experienced high fluctuations during 535 

MD simulations. The rmsf values for all the complexes were obtained by computing the Cα 536 

atoms and plotted (Figure 6B). The resulting RMSF graph indicates that (i) the residues located 537 

at the loops and the terminal region showed higher fluctuation, whereas (ii) the residues located 538 

at the secondary structure region remained stable. (iii) Moreover, a common pattern of stability 539 

and fluctuations were observed on the regions corresponding to both in secondary structures and 540 
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loop regions, respectively. (iv) The residues involved in the binding site regions also remained 541 

stable.  542 

Finally, to gain insights into the proteins internal structural change due to ligand binding, 543 

the radius of gyration (Rg in Å) distribution was computed over the period of time. The 544 

computation of Rg on MD trajectories is essential, as the analysis produces the details regarding 545 

the compactness of the overall protein structure. Here, the MD trajectories corresponding to the 546 

OVA–5-CQA complexes obtained at different temperatures were subjected to Rg computations 547 

(Figure 6C). The Rg graph reveals that all the trajectories maintained a steady-state between 548 

21.75 Å to 22.25 Å. This indicates that the overall compactness of OVA did not deviate from its 549 

initial state due to ligand binding under different temperatures over the period of time. The polar 550 

contacts between the binding site residues of the protein and the ligand are crucial in complex 551 

formation. Here, the total number of polar contacts existing between OVA and 5-CQA at 552 

different temperatures was estimated over the period of time (Figure 7).  553 

From Figure 7, significant variations in the total polar interactions between OVA–5-CQA 554 

complex at different temperatures over the time period were observed. The total intramolecular 555 

polar contacts for the trajectory corresponding to 298 K showed approximately 3 to 5, whereas 556 

for the temperatures 303 K and 308 K showed approximately 3 to 7 polar contacts, respectively. 557 

Likewise, for the trajectory corresponding to temperature 313 K showed approximately 3 to 8 558 

polar contacts. These suggest that (i) the complexes maintain relatively more numbers of polar 559 

contacts in higher temperatures (e.g. 313 K) and also (ii) these polar contacts play a crucial role 560 

in OVA–5-CQA complex formation.  561 
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 As our emission experimental studies reveal that the tryptophan residues present in OVA 562 

show a vital role in the quenching of emission intensity that leads to OVA–5-CQA complex 563 

formation. Therefore, it is essential to monitor the role of tryptophan residues in OVA over the 564 

time period. Our docking studies reveal that the W148 residue is located proximal to the 565 

predicted low-energy conformational pose. In accordance to that, random atomic position 566 

between W148 and 5-CQA was selected and its distance was measured over the period of time in 567 

298 K (Figure 8) using the interaction counts approach. From the distance graph, it is observed 568 

that the selected atomic positions remain stable during MD simulations. The distance between 569 

the selected atomic position ranges from 4 to 4.5 Å. This reveals the reason behind in the 570 

quenching of OVA emission intensity with the addition of increasing 5-CQA concentration 571 

where the results elaborate that the tryptophan being embedded in a hydrophobic cavity within 572 

the OVA protein scaffold. Hence, the docking and MD simulation results correlates well with the 573 

emission spectral studies. 574 

3.3.4. BFE estimation for OVA–5-CQA complexes at different temperatures 575 

The BFE values were computed from the periodic interval snapshots of MD simulations may 576 

provide insight towards the binding strength of OVA–5-CQA complexes. Therefore, the BFE 577 

values were computed from 100 snapshots collected from the equilibrium state (ref; rmsd results) 578 

of individual MD trajectories at different temperatures. All the BFE values in different 579 

temperatures were tabulated (Table 3) and its individual components contributing to total BFE 580 

values were closely investigated. Among the individual components, coulomb, Hbond, 581 

Lipophilic and vdW components favorably contribute to the total BFE values in all temperatures, 582 

respectively. Among these, the vdW component contributes the highly favorable energies to the 583 

binding. On the other side, the contributions of the Hbond component were closely examined. 584 
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The Hbond component contributed maximum energy values in the higher temperature, where as 585 

in lower temperatures, its contributions were relatively lesser. This result was in agreement with 586 

our polar contact analysis over time. Next, the predicted BFE values were compared with the 587 

experimental values (Table 3), which shows high correlation value (R2=0.89). This signifies that 588 

the predicted BFE values at different temperatures were in good agreement with the results 589 

observed from experimental values and the schematic representation of the site-specific binding 590 

interaction of OVA with 5-CQA is shown in Figure 9. Overall, our work provides important 591 

information about the existence of molecular interactions and the nature of 5-CQA binding to 592 

OVA proteins. Therefore, the in-situ knowledge gained may provide useful insights into the 593 

theoretical foundations of clinical research and new drug design for CGAs. 594 

4. Conclusions 595 

The present investigation provided insight to the interaction mechanism between 5-CQA and 596 

OVA in detail by fluorescence emission, UV-vis, CD, synchronous fluorescence, molecular 597 

docking and MD simulations. The OVA emission quenching studies revealed the complexation 598 

process between OVA and 5-CQA was mainly through a static quenching mechanism. The sign 599 

and magnitude of thermodynamic parameters such as ∆𝐻° and ∆𝑆°  demonstrated that hydrogen 600 

bonding and electrostatic interactions played a crucial role in the OVA–5-CQA complex system 601 

and the negative ∆𝐺°  value inferred the spontaneous binding process. Results obtained from CD 602 

showed that the binding of 5-CQA significantly decreased the α-helical content of OVA from 603 

58.05% to 54.32%. Computational analysis was performed to gain insight on 5-CQA binding to 604 

OVA. The predicted binding site proximal to W148 residue and the pocket that covers larger 605 

surface area was selected as the representative. The predicted BFE values obtained from MD 606 

simulation were in good agreement with the values obtained from experimental results. In 607 
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conclusion, the elucidation of binding mechanisms between OVA and 5-CQA provides useful 608 

fundamental information of the application of OVA–5-CQA complex in the food and 609 

pharmaceutical industries. 610 
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