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 42 
Abstract 43 

This study explores the interaction between the pesticide thifluzamide (TF) and haemoglobin 44 

(Hb) to understand potential structural changes that might affect Hb's function. Using a 45 

combination of UV-visible and fluorescence spectroscopy, circular dichroism (CD), molecular 46 

docking, molecular dynamics (MD) simulations, and electrochemical methods, we investigated 47 

these interactions in detail. Spectroscopy results indicated the formation of a stable TF-Hb 48 

complex, with a binding constant of 6.64×105 M−1 at 298 K and a 1:1 binding ratio. The 49 

stability of this complex was confirmed by a free energy change (∆G) of -34.491 kJ mol−1. CD 50 

spectroscopy was employed to confirm structural changes in Hb due to thifluzamide binding. 51 

Molecular docking studies revealed that TF interacts with specific amino acids in Hb, such as 52 

ALA, HIS, VAL, LYS, and LEU, with a binding energy of -25.10 kJ mol−1. MD simulations 53 

supported these findings by showing conformational changes in Hb upon TF binding, as 54 

indicated by RMSD and RMSF analyses. Electrochemical experiments further confirmed the 55 

interaction, evidenced by a consistent decrease in the TF peak in the presence of Hb. Overall, 56 

our findings shed light on how TF binds to Hb, causing structural changes that could potentially 57 

impact its normal function. This research enhances our understanding of the biochemical 58 

effects of TF on Hb, which could have significant implications for biological systems. 59 

 60 
Keywords: Thifluzamide, haemoglobin, cyclic voltammetry, static quenching, MD 61 
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1. Introduction  64 

The extensive use of pesticides has led to significant negative impacts on both environmental 65 

and human health[1]. Pesticide residues in food and the environment can affect genetic 66 

polymorphisms and lead to other illnesses[2], [3]. TF, a benzamide-class fungicide, is notable 67 

not only for its efficacy in agriculture but also for its potential biological interactions. It is 68 

widely used to combat sheath blight in rice fields across Asia[4], [5]. Due to its extensive 69 

application, TF often enters nearby aquatic ecosystems through runoff and spray drift, raising 70 

environmental concerns[6], [7]. Studies have revealed that TF persists in marine environments, 71 

leading to prolonged exposure risks for aquatic organisms[8] 72 

Recent studies indicate that TF interacts with biological macromolecules, raising concerns 73 

about its potential health implications[9]. For instance, Yang et al. (2021) revealed that TF 74 

exposure in zebrafish embryos impairs neuroendocrine function and causes developmental 75 

abnormalities, suggesting significant toxicity[10]. Additionally, other studies have reported its 76 

toxic effects on earthworms and soil fungal communities, indicating a broad spectrum of 77 

biological impacts. Structurally, the hydrophobicity of thifluzamide primarily arises from its 78 

aromatic ring and alkyl chains, which are nonpolar and tend to avoid water, contributing to the 79 

compound's overall lipophilic behavior. On the other hand, large number of halogen atoms (Br 80 

and F) present in its structure introduces polar characteristics, making it capable of forming 81 

hydrogen bonds with water, thus imparting some hydrophilic properties. However, the 82 

predominant nature of thifluzamide is hydrophobic due to the larger nonpolar components of 83 

its structure[11].  84 

Haemoglobin, a crucial protein in red blood cells, is essential for oxygen transport throughout 85 

the body[12]. Extensive research on Hb’s complex structure and functionality aims to 86 

understand physiological processes better and develop clinical treatments. In Hb, hydrophobic 87 

binding sites are mostly located inside the protein, helping to stabilize its structure. Key 88 

residues like valine, leucine, alanine, and phenylalanine form a core that supports the heme 89 

pocket, essential for oxygen binding. On the other hand, hydrophilic binding sites are found on 90 

the surface, where residues such as lysine, histidine, and glutamic acid interact with water and 91 

aid in solubility[13], [14]. This balance between hydrophobic and hydrophilic interactions is 92 

crucial for maintaining Hb’s structure and ensuring efficient oxygen transport and release. 93 

Given thifluzamide’s hydrophobic nature and its ability to form hydrogen bonds, it is likely 94 

that the compound could interact with both the hydrophobic cavity and hydrophilic surface of 95 

Hb as illustrated in Figure 1. The nonpolar regions of thifluzamide may favor binding within 96 



 

Hb’s hydrophobic sites, while its halogen atoms could interact with hydrophilic residues, 97 

suggesting a potential for stable complex formation. 98 

 99 
Figure 1 Illustration of thifluzamide binding to Hb at a hydrophobic cavity. 100 

Previous research by our group showed that dinotefuran pesticide strongly binds to human Hb, 101 

inducing conformational changes and inhibiting its function [15]. A similar study with another 102 

small organic molecule was also done; interactions of Ofloxacin-Hb were investigated using 103 

spectroscopic, in-silico and electrochemical methods[16]. Studies on other pesticides, such as 104 

TEPP, imidacloprid, and paraquat, have highlighted the potential for adverse effects on Hb’s 105 

structure and function[17], [18]. Recent spectroscopy and computational biology 106 

advancements have enhanced our understanding of ligand-protein interactions[19], [20], [21], 107 

[22].  108 

Understanding the interaction between TF and Hb is crucial for assessing its impact on blood 109 

function, which is essential for evaluating its overall health risks. This study employs a 110 

comprehensive methodology to thoroughly examine the interaction between TF and Hb, 111 

including UV-visible spectroscopy, fluorescence, electrochemistry, molecular docking, and 112 

molecular dynamics (MD) simulations. This multi-faceted approach provides a detailed 113 

understanding of TF's effects on Hb. It contributes significantly to our knowledge of its 114 

potential health risks. 115 



 

 116 

 117 

2. Experimental 118 

2.1 Materials 119 

 The PBS buffer capsules (Product ID-31390E) were procured from MOLYCHEM. 120 

Lyophilised powder of haemoglobin human (Product ID-H7379) was obtained from MERCK. 121 

Agilent Technologies Inc. provided TF with a purity of 95%.  122 

 123 

2.2 Methodology  124 

2.2.1   UV-Visible Spectroscopy 125 

UV-visible Spectrophotometer of Thermo Fisher Scientific (Evolution 300) was used to 126 

investigate the interaction between TF and Hb. Experiments were conducted at room 127 

temperature (298 K) and a pH of 7.4. The authors recorded the absorbance at an optimised 128 

constant Hb concentration of 2.5 µM and then gradually adding the drug from 0 to 320 µM. 129 

The baseline in the experiment was set using a reference solution of 1X PBS buffer. Triplicate 130 

study was done to ensure the accuracy of the study.  131 

 132 

2.2.2   Fluorescence Spectroscopy 133 

Hitachi F-7000 Fluorescence Spectrophotometer was used to record emission spectra for TF 134 

with and without Hb. In the experiment, authors titrated TF with Hb at 298, 303 and 308 K 135 

individually. Further, the molarity of TF was varied from 0 to 280 µM. For the experiment, the 136 

excitation was done with 280 nm (due to more robust absorbance of aromatic amino acid 137 

residues at this wavelength and it also being the consistent choice for understanding ligand-138 

protein interactions) and the emission spectra were recorded between 290 nm to 500 nm. The 139 

width of slits was 5 nm, and the spectra have been taken having a scan rate of 1200 nm/ min. 140 

To account for the inner filter effect and for assessment of fluorescence data, authors applied 141 

the following equation (1): 142 

Fcorrected = Fobserved.e(Aex + Aem)/2  (1) 143 

In the equation, Fobserved is the observed fluorescence of Hb, Fcorrected denotes the corrected 144 

fluorescence upon considering the inner filter effect.  Aex and Aem are the absorption of TF at 145 

excitation and emission wavelengths, respectively. 146 

For time resolved fluorescence study, 5 µM Hb solution was prepared by dissolving Hb in a 147 

buffer solution, ensuring a consistent concentration throughout the experiment. Thifluzamide 148 

was gradually added to the Hb solution in varying concentrations (0 µM, 40 µM, 120 µM, 200 149 



 

µM, 240 µM, 280 µM). After each addition, the solution was thoroughly mixed to ensure 150 

uniform distribution. Time-resolved fluorescence (TRF) measurements were performed using 151 

a single-photon counting spectrophotometer (Horiba Scientific, Delta Flex Jobin Yvon 152 

technology, Glasgow, UK) with excitation at 338nm. The fluorescence decay curves were 153 

recorded and analyzed to obtain the fluorescence lifetimes (Г1, Г2, Г3) and their respective 154 

amplitudes (α1, α2, α3).  155 

 156 

2.2.3 Circular Dichroism Spectroscopy 157 

The structural changes in Hb upon binding with thifluzamide were investigated using Circular 158 

Dichroism (CD) spectroscopy. Initially, a stock solution of 1 µM Hb was prepared in a 10mM 159 

phosphate buffer at pH 7.4. Solution of thifluzamide was added to the Hb to gradually increase 160 

the concentration of thifluzamide (1 µM, 2 µM, 3 µM, 4 µM, 5 µM). The CD spectra were 161 

recorded in the far-UV region (190-250 nm) at room temperature using JASCO 815 CD 162 

spectrophotometer. The spectra of pure Hb and the Hb-thifluzamide complexes were measured 163 

to observe any changes in the secondary structure of Hb due to the binding of thifluzamide. 164 

 165 

2.2.4   In silico studies 166 

Molecular Docking 167 

The corresponding PDB (ID: 2DN1) was obtained from the RCSB protein data bank. 168 

Subsequently, the protein was prepared for docking utilising Chimera, Notepad++ and 169 

Discovery Studio[20]. Initially, any existing ligands bound to the protein were removed, 170 

followed by adding polar hydrogen atoms and balancing of charges. The structure of the 171 

pesticide was designed using ChemDraw Professional and saved in mol2 format for further 172 

analysis and docking studies[21]. Structural optimisation of the pesticide was done using the 173 

Molecular Mechanics 2 (MM2) forcefield in Chem3D to minimise the energy. Further, to 174 

analyse the interactions occurring between TF with various amino acids of Hb, AutoDock was 175 

used to perform molecular docking. AutoDock uses an advanced computational method 176 

employed in molecular modelling to anticipate the binding mode and strength between a 177 

protein target and a small molecule ligand[23], [24], [25], [26], [27]. It utilises various 178 

algorithms and scoring functions to navigate the ligand's conformational space within the 179 

protein's binding site, aiming to identify favourable energy configurations. An exhaustiveness 180 

level of 40 was utilized. The grid box dimensions were set to 20x20x20 Å, with the coordinates 181 

being x=40.85, y=28.81, and z=15.95 to ensure site-specific docking. AutoDock's capability to 182 

account for flexibility in both the ligand and protein enables a thorough examination of 183 



 

potential binding modes[28], [29]. Molecular docking was performed to provide the initial pose 184 

for subsequent MD simulations. This approach is a standard procedure in computational 185 

studies, as MD simulations are designed to mimic actual physiological conditions.  186 

 Molecular dynamics (MD) simulations 187 

To understand the behaviour of TF in water and its interactions with Hb MD simulations 188 

using GROMACS was performed [30], [31], [32]. The topology of the complex was prepared 189 

by applying the CHARMM27 force field, and the SPC/E-TIP3P water model was used for 190 

solvation[33]. A cubic simulation box was used with dimensions of 5.883×5.883×5.883 nm, 191 

resulting in a volume of 203.644 nm³. The box was solvated with 5791 water molecules. The 192 

density of the system, which included the Hb-TF complex and the water molecules, was 193 

calculated to be 986.233 g/L. The system was equilibrated for 500 ps for a stable configuration 194 

and thermal equilibrium. NVT and NPT ensembles were also utilised to stabilise the system 195 

prior to MD simulations. Simulations were run for 250 ns to ensure that statistically meaningful 196 

data was collected for further analysis. Reference temperature for the simulations was kept at 197 

300 K which is the default temperature of GROMACS module. Various parameters like 198 

structural fluctuations, intermolecular interactions, and diffusion coefficients were monitored. 199 

Trajectories obtained from the simulations were used to calculate root mean square fluctuation 200 

(RMSF), Root mean square deviation (RMSD), and the number of hydrogen bonds between 201 

TF and Hb [34], [35]. The data obtained from the trajectory file was plotted in OriginPro to 202 

obtain the graphs. Triplicate study was done to insure the reliability of the methods. 203 

2.2.5   Electrochemical Studies 204 

An Electrochemical Analyzer (Model 604E) from CHI Inc. was used to conduct 205 

electrochemical analysis to study the interaction between TF and Hb. Cyclic voltammograms 206 

were conducted within a potential range of -1.8V to 0 V. A series of studies were done with a 207 

mixture of 0.1 mM of TF and 10 µM of Hb solution. Three electrode system was used for the 208 

measurements with a glassy carbon electrode (GCE) as the working electrode, Ag/AgCl as the 209 

reference electrode, and Platinum wire as the counter electrode. Prior to each measurement, 210 

GCE was thoroughly cleaned with alumina paste (0.3 microns) and sonicated in deionised 211 

water to remove any adsorbed Hb or TF from prior experiments. The solutions were prepared 212 

in 1X PBS buffer with pH set to 7.4, and all experiments were conducted at room temperature 213 

and triplicate study was also done.  214 

 215 

3. Results and Discussion 216 



 

3.1 UV-Visible spectral studies 217 

Assessing the binding between Hb and TF and conformational rearrangements in the 218 

Hb brought on by potential interactions is a common use of UV-visible spectroscopy [16], [36]. 219 

As in Figure S1, Hb showed three peaks at 212, 274 and 406 nm due to n to π* transitions, π 220 

to π* transitions and the Soret band of porphyrin respectively [37], [38], [39], [40], [41], [42]. 221 

A significant increase in the intensity of 274 nm peak of Hb was observed on increasing the 222 

amount of TF in the solution. This peak corresponds to the aromatic rings of the residues and 223 

their environment. The change in intensity and slight red shift corresponds to the change in the 224 

electronic environment of the residues indicative of the binding of TF at these hydrophobic 225 

positions[43]. A slight increase in the intensity of the Soret band on the addition of TF could 226 

correspond to a subtle interaction of TF with the porphyrin ring to potentially alter its electronic 227 

environment. The averaged plot of the UV-visible absorption triplicate along with the 228 

absorbance graph of Hb in the presence of TF at various concentrations with error bars/standard 229 

deviation (Figure 2a and 2b), confirms the reproducibility of the UV-visible studies. Higher 230 

standard deviations at higher concentrations of TF indicate a destabilised system at higher 231 

concentrations of TF. 232 

 233 
Figure 2: UV-visible spectra of Hb solution and mixture containing Hb and TF with varying 234 

concentrations of TF at 298 K a) averaged plot of Run 1, 2 & 3 and b) absorbance graph of Hb 235 

at 274 nm against the concentration of TF 236 

3.2 Fluorescence spectral studies 237 

 Fluorescence spectroscopy is used to investigate the interaction of TF with Hb. β-Trp37 238 

of Hb is the primary cause of Hb's intrinsic fluorescence [44], [45]and the emission band is 239 

observed at 336 nm after an excitation at 280 nm. On increasing the amount of TF, a decrease in 240 

emission intensity is observed (Figure 3).  241 



 

 242 
Figure 3: Emission spectra of Hb against changing concentrations (0 to 280 µM) of TF at (a) 243 

298 K, (b) 303 K and (c) 308 K 244 

The authors recorded the emission spectra at 298 K, 303 K, and 308 K, with a difference of 10 245 

K between the lowest and highest temperatures, to understand the type of quenching (Figure 246 

3) [46], [47], [48]. When a Hb-TF complex forms in the ground state, static quenching takes 247 

place. While TF-Hb collisional interactions causes dynamic quenching, and F0/F was found to 248 

have a linear relationship with [Q] for the cases (Equation 2 is used in the case of dynamic 249 

quenching and for static quenching Equation 3 is used) [48], [49]. For mixed quenching F0/F 250 

does not show a linear relation with [Q] (Equation 4). Further, all of them have different values 251 

for Stern-Volmer quenching constant, Ksv and bimolecular quenching constant, kq (Table 1).  252 
Fo
F

=1 + Ksv[Q] = kqτo[Q]  (2) 253 

Fo
F

=1 + Ks[Q]                (3) 254 

Fo
F

=(1 + KD[Q])(1 + KS[Q])  (4) 255 

Fo and F - fluorescence intensities of Hb without and with TF; 256 

Ksv - Stern-Volmer quenching constant; 257 

kq - bimolecular quenching constant,  258 

[Q] - Concentration of TF: 259 

KS - Static quenching constant or association constant; 260 



 

KD - Dynamic quenching constant and τo (~ 10-8 seconds) [50]. 261 

[51], [52], [53], [54]In Figure 4a, a linear plot was analyzed using the Stern-Volmer equation 262 

to determine kq and Ksv (Table 1). The value of kq was found to be approximately 1012 M-1s-1, 263 

which exceeded Ksv [50–53], indicating static binding [51], [52], [53], [54]. 264 

 265 
Figure 4: (a) Stern-Volmer plot (b) Modified Stern-Volmer plot; of Hb against varying 266 

concentrations of TF (0 to 280 µM) at 298, 303, and 308 K 267 

Table 1: Stern Volmer and bimolecular Quenching constants for TF-Hb binding at 298 K, 303 268 

K and 308 K 269 

Temperature (K) Ksv (M-1) × 104 kq (M-1s-1) × 1012 

298  3.90 3.90 

303  3.45  3.45  

308  3.42  3.42  

 270 

A plot was created using the modified Stern-Volmer equation (Equation 5) to determine Kb 271 

and the number of binding sites in the complex (Figure 4b) [47]. The equation applied was: 272 

[47]log �Fo−F
F
� = logKb + nlog[Q] (5) 273 

In the equation, Kb is the binding constant, and ‘n’ represents the number of binding sites. At 274 

298 K, the value of Kb is 6.64 × 10
5
 M-1 (Table 2) for the TF-Hb complex, and n is nearly equal 275 

to one to indicate the formation of a complex in 1:1 ratio. Different thermodynamic parameters 276 

for TF-Hb have been calculated from van’t Hoff’s plot (Figure S2) drawn using equations 6 277 

and 7. 278 

lnKb = −∆H
RT

+ ∆S
R

      (6) 279 

∆G = ∆H− T∆S    (7) 280 



 

R - 8.314 Jmol-1K-1;  281 

∆G - Gibb’s free energy,   282 

∆H  - Changes in enthalpy, 283 

∆S - Change in entropy. 284 

Table 2: Equilibrium dissociation constants and thermodynamic parameters for Hb-TF binding 285 

at various temperatures. 286 

Temperature 

(Kelvin) 

Kb (M-1) n ∆𝐆𝐆 (kJmol-1) ∆𝐇𝐇 (kJmol-1) ∆𝐒𝐒 (Jmol-1K-

1) 

298 6.64 × 10
5
 1.36   

-34.480 

  

-248.459 

  

-718.05 

303 3.46 × 10
5
 1.24  

308 8894.1 0.86 

 287 

The ΔG value is a critical thermodynamic parameter that provides insights into the spontaneity 288 

and strength of the binding interaction. The TF-Hb complex was formed due to various 289 

interactions like hydrophobic, van der Waals, and hydrogen bonding. From Table 2, the value 290 

of ΔG was found to be -34.491 kJmol-1A negative ΔG value calculated from fluorescence 291 

spectroscopy indicates that the binding of TF to Hb is a spontaneous process[55], [56], [57], 292 

[58]. Typically, a more negative ΔG value implies stronger binding interactions, such as van 293 

der Waals forces, hydrogen bonding, or electrostatic interactions. This thermodynamic analysis 294 

is consistent with previously reported data on similar protein-ligand studies[59], [60], [61], 295 

[62], thereby validating the robustness of the results. 296 

 297 

3.3 Time-resolved fluorescence spectroscopy 298 

The time-resolved fluorescence (TRF) measurements revealed significant insights into the 299 

interaction between thifluzamide and Hb. The fluorescence lifetimes (Г1, Г2, Г3) and their 300 

respective amplitudes (α1, α2, α3) were recorded for varying concentrations of thifluzamide (0 301 

µM, 40 µM, 120 µM, 200 µM, 240 µM, 280 µM) (Figure 5). Hb is a complex protein, and 302 

because of its multi-chromophore nature, it exhibits a multi-exponential fluorescence decay. 303 

Each fluorescence lifetime reflects different aspects of the dynamics within the protein. The 304 

shortest lifetime (Г1) typically represents fluorophores on the protein's surface or in highly 305 

dynamic regions that relax quickly. The intermediate lifetime (Г2) corresponds to moderately 306 

exposed fluorophores, and the longest lifetime (Г3) is associated with buried or more rigid 307 



 

parts of the protein. A tri-exponential model is essential to capture these varied decay processes 308 

and fully understand the fluorescence properties of Hb. At 0 µM thifluzamide, the fluorescence 309 

lifetimes were Г1 = 0.637944 ns, Г2 = 1.59719 ns, and Г3 = 5.1221 ns, with respective 310 

amplitudes of α1 = 16.87%, α2 = 75.44%, and α3 = 7.69%. The average fluorescence lifetime 311 

(Гav) was calculated to be 2.350335 ns (Table 3). As the concentration of thifluzamide 312 

increased, variations in the fluorescence lifetimes and their amplitudes were observed. For 313 

instance, at 40 µM thifluzamide, the lifetimes were Г1 = 0.092472 ns, Г2 = 1.48886 ns, and Г3 314 

= 4.79618 ns, with respective amplitudes of α1 = 17.56%, α2 = 72.51%, and α3 = 9.92%, 315 

resulting in an average lifetime of 2.475685 ns. At the highest concentration of 280 µM, the 316 

lifetimes were Г1 = 0.788052 ns, Г2 = 1.72131 ns, and Г3 = 6.06661 ns, with respective 317 

amplitudes of α1 = 20.72%, α2 = 69.37%, and α3 = 9.9%, and an average lifetime of 2.976385 318 

ns. 319 

 320 
Figure 5: Time-resolved fluorescence (TRF) decay profiles of Hb at different concentrations 321 

of thifluzamide 322 

 323 

Table 3: Fluorescence lifetimes (Г1, Г2, Г3) and their respective amplitudes (α1, α2, α3) of 324 

hemoglobin (Hb) at varying concentrations of thifluzamide (0 µM, 40 µM, 120 µM, 200 µM, 325 

240 µM, 280 µM) 326 

Con. (µM) Г1 

(ps) α1 (%) Г2 (ps) 
α2 
(%) Г3 (ps) 

α3 

(%) 
χ2 Гav (ps) 

0 0.637 16.87 1.597 75.44 5.122 7.69 1.003 2.350 



 

40 0.092 17.56 1.488 72.51 4.796 9.92 0.956 2.475 
120 0.987 31.6 1.767 59.61 5.533 8.79 1.058 2.625 
200 0.207 11.31 1.530 77.6 5.215 11.09 1.06 2.704 
240 0.146 12.45 1.509 75.31 5.202 12.24 1.15 2.808 
280 0.788 20.72 1.721 69.37 6.066 9.9 1.101 2.976 

 327 
The observed changes in fluorescence lifetimes with increasing concentrations of thifluzamide 328 

suggested interactions between thifluzamide and the Hb molecules, potentially altering the 329 

local environment around the fluorophores. These interactions could lead to changes in the 330 

conformational dynamics of Hb, affecting its fluorescence properties. The statistical analysis 331 

confirmed the significance of these changes, indicating a dose-dependent effect of thifluzamide 332 

on the fluorescence lifetimes of Hb (Figure S3)[63]. 333 

As the concentration of thifluzamide increased, we observed shifts in the lifetimes and their 334 

corresponding amplitudes, suggesting that thifluzamide interacts with Hb and alters the local 335 

environments around the fluorophores. The increase in average lifetime (Гav) with higher 336 

thifluzamide concentrations indicates the occurrence of static quenching, which tends to extend 337 

fluorescence lifetimes (Гav), in contrast to dynamic quenching, which shortens them. This 338 

supports our conclusion that static quenching plays a significant role in the Hb-thifluzamide 339 

interaction[64]. 340 

 341 

3.4 Circular Dichroism Spectroscopy 342 

The CD spectrum of pure Hb displayed characteristic peaks at 209 nm and 222 nm, indicative 343 

of its α-helical structure (Figure 6)[65]. Upon the gradual addition of thifluzamide, notable 344 

changes were observed in the CD spectra. Specifically, there was a decrease in the ellipticity 345 

along with a slight red shift at both the peaks i. e. 209 nm and 222 nm, suggestive of a reduction 346 

in the α-helical content of Hb. These spectral changes imply that the binding of thifluzamide 347 

induces conformational alterations in helicity of the Hb[66], [67]. 348 

The addition of thifluzamide to Hb affects its helical structure. BeStSel webserver was used to 349 

determine the secondary of Hb from the data obtained from CD spectroscopy[68], [69]. Native 350 

Hb has a helix content of 23.0%, which decreases to 19.3% with 1µM thifluzamide, indicating 351 

destabilization or helicity disruption. At 2µM, the helix content slightly decreased to 16.6%, 352 

and drops again with large margin to 8.2% at 3µM. The uneven decrease pattern observed in 353 

helical content might be due to the dynamic complexation of ligand to protein structure. Once 354 

the ligand finds the suitable binding pocket in protein structure it strongly binds to the protein 355 



 

and disrupted structure. So, we suggested that thifluzamide strongly interacted with Hb and 356 

disrupts Hb’s helical structure (Table 4). 357 

Table 4: Helix Content of Hb with Varying Concentrations of thifluzamide 358 

S.No. Sample Helix (%) 
1. Hb 23.0 
2. Hb + 1µM Thifluzamide 19.3 
3. Hb + 2µM Thifluzamide 16.6 
4. Hb + 3µM Thifluzamide 8.2 

 359 

 360 
Figure 6: CD Titration spectra of Hb and Hb-thifluzamide complexes at thifluzamide 361 

concentrations (1µM-5µM). 362 

 363 

The observed decrease in α-helicity indicates that thifluzamide binding leads to partial 364 

unfolding or reorganization of Hb’s secondary structure. This interaction likely to cause the 365 

protein to adopt a less ordered conformation. The structural changes observed in the CD spectra 366 

suggest that thifluzamide interacts with Hb, causing significant alterations in its secondary 367 

structure. These conformational changes could have important biological implications, 368 

potentially affecting the functional properties of Hb, such as its oxygen-binding capacity and 369 

stability. Further studies, including fluorescence spectroscopy and molecular docking, could 370 

provide deeper insights into the binding mechanism and structural effects of thifluzamide on 371 

Hb. 372 

 373 



 

3.5 Thermal melt circular dichroism 374 

The CD melting spectroscopy analysis of hemoglobin (Hb) with thifluzamide revealed 375 

significant differences in thermal stability at different wavelengths, providing insights into how 376 

thifluzamide binding affected Hb’s structure. Figure 7 contains the CD melting profiles of Hb 377 

and Hb with thifluzamide at 222 nm and 208 nm. At 222 nm, which is sensitive to the α-helix 378 

content, the melting temperature Tm for Hb was 68.2°C, while for Hb-thifluzamide, it was 379 

65.1°C. This lower Tm for Hb-thifluzamide indicated that thifluzamide destabilized the α-380 

helical regions, making them less stable and more prone to unfolding at lower temperatures. 381 

Conversely, at 208 nm, which reflected the overall secondary structure including both α-helices 382 

and β-sheets, the Tm for Hb was 51.15°C, whereas for Hb-thifluzamide, it was 58.74°C. This 383 

suggested that thifluzamide altered the native structure of Hb, potentially disrupting the 384 

hydrogen bonding or hydrophobic interactions critical for maintaining its tertiary or quaternary 385 

structure [70]. These interactions highlighted the impact of thifluzamide on the structural 386 

stability of Hb, providing insights into the binding of thifluzamide with Hb. The thermal melt 387 

circular dichroism results were in good agreement with the CD titration studies, which also 388 

revealed  gradual binding of thifluzamide to Hb resulting in native structural changes in Hb 389 

[71], [72]. 390 

 391 



 

Figure 7: a) CD Melting profiles at 222 nm of Hb and Hb with 3 µM thifluzamide (b), first 392 

derivative plot of the melting profiles (222 nm), c) CD melting profiles at 208 nm of Hb and 393 

Hb with 3 µm thifluzamide, and d) first derivative plot of the melting profiles (208 nm). 394 

[70][71], [72] 395 

3.6 In silico studies 396 

3.6.1 Molecular docking  397 

Interactions between TF and Hb were analysed using molecular docking. The nature of forces 398 

in the formation of the TF-Hb complex were hydrophobic, van der Waals, hydrogen bonding 399 

and electrostatic interactions. The binding energy for the TF-Hb complex was found to be -6.1. 400 

Notably, it demonstrated effective interactions with ALA (65, 82), HIS (87), VAL (62), LYS 401 

(61) and LEU (83, 86). 402 

Various interactions were observed, including hydrogen bonding and hydrophobic interactions 403 

(pi-alkyl, pi-sigma and pi-pi stacked). HIS:87 and VAL:62 formed hydrogen bonds with -CF3 404 

moiety. LYS:61 interacted with the phenyl ring and the attached Bromine. LEU:83 showed a 405 

maximum number of interactions (five) with the phenyl ring, bromine attached to the phenyl 406 

ring, thiazole group and substituent of thiazole (-CH3 and -CF3). ALA:82 and LEU (86 & 83) 407 

showed interactions with the thiazole moiety, as shown in Figure 8.  408 

The binding site of TF in Hb (PDB ID: 2DN1) was a well-defined pocket characterized by a 409 

combination of polar and nonpolar residues. Key interactions were observed with His A:87, 410 

which likely formed hydrogen bonds with TF, providing specificity and stabilization. The 411 

presence of Val A:62 contributed to the hydrophobic nature of the pocket, facilitating nonpolar 412 

interactions that further stabilized the ligand. Additionally, Lys A:61 may have participated in 413 

electrostatic interactions due to its positively charged side chain, enhancing binding affinity. 414 

The pocket also included small, nonpolar residues like Ala A:65 and Ala A:82, alongside larger 415 

hydrophobic residues such as Leu A:83 and Leu A:86. These residues contributed to the 416 

hydrophobic environment, conducive to stabilizing TF's hydrophobic moieties. The spatial 417 

arrangement and combination of these residues created a versatile binding pocket capable of 418 

accommodating various functional groups of TF through a blend of hydrophobic, electrostatic, 419 

and hydrogen bonding interactions. 420 

 421 

 422 



 

 423 
Figure 8: a) Two-dimensional and b) three-dimensional views of interactions between TF and 424 

Hb (2DN1) in Run1. Two-dimensional docked pose of TF in c) Run 2 and d) Run 3 425 

3.6.2 Molecular Dynamics Simulations 426 

RMSD and RMSF 427 

MD Simulations of Hb with and without TF was performed for 250 ns using GROMACS three 428 

times. TIP3P model was employed with a temperature of 298 K using cubic box type. 429 

Trajectories obtained after simulations were first centred with periodic boundary condition 430 

‘pbc’, which keeps the centre of mass of the protein in the simulation box. Obtained trajectories 431 

were plotted to understand the stability of the Hb with and without TF. Figure 9a represents 432 

the root mean square deviation (RMSD) plot for the Hb and Hb-TF (mean). The RMSD value 433 

of Hb alone stabilised initially, with no significant changes observed. However, in the case of 434 

the Hb-TF complex, decrease in RMSD after 90 ns was observed indicating stablisation of the 435 

complex [73], [74], [75]. The fluctuations in the RMSD values remained in the acceptable 436 

range, implying a stable system. Figure 9b illustrates the root mean square fluctuations 437 

(RMSF) of residues of Hb in the absence and presence of TF during MD simulations conducted 438 

for 250 ns. It measures the average deviation of residues from their mean position. Lower 439 

RMSF values indicate rigidity of the protein structure, while higher values suggests 440 

flexibility[76]. In the case of the Hb-TF complex increased average fluctuations were observed 441 

throughout the simulation. Increased fluctuations in the Hb-TF complex suggest changes in the 442 

structure of the Hb protein. RMSD and RMSF analysis suggest binding of TF molecule with 443 

Hb, resulting in a change in the protein structure. 444 



 

 445 
Figure 9. a) Root mean square deviation and, b) root means square fluctuations of Hb and Hb-446 

TF complex for 250ns 447 

MD simulation of the Hb-TF complex was done three times to increase the reliability of the 448 

study. All the parameters and conditions were kept identical. Figure S4a contains RMSD 449 

obtained from the trajectories of Run 1, 2, and 3. Average RMSD values for Run 1, 2 and 3 450 

were 0.170, 0.181 and 0.176 Å, respectively[77]. The standard deviation for these values was 451 

found to be 0.0055 Å and relative standard deviation (RSD) of 3.14 %, which is in an 452 

acceptable range[78], [79]. Similar patterns in the variation of RMSD were observed in Runs 453 

1, 2, and 3 during the simulation, i.e., a gradual decrease in RMSD after 100 ns followed by 454 

equilibration. Figure S4b contains the RMSF of triplicate MD simulations of the Hb-TF 455 

complex for 250 ns. A similar fingerprint pattern in the RMSF was observed in Run 1, 2 and 3 456 

indicating the reproducibility of the MD simulations. 457 

Number of Hydrogen Bonds  458 

The number of hydrogen bonds between the ligand and the protein were estimated from the 459 

trajectory of Run 1, Run 2 and Run 3 and plotted in Figure S5. The observed fluctuation in the 460 

number of hydrogen bonds between the Hb protein and TF during the initial phase of the 461 

simulation (1-3 bonds) suggests a dynamic interaction. However, after 120ns, the number of 462 

hydrogen bonds stabilised at one, indicating that the TF molecule reached equilibrium within 463 

the protein's active site, resulting in a constant interaction pattern thereafter and stable complex 464 

formation[80], [81]. Similar results were obtained in Run 2 and 3, with one stable hydrogen 465 

bond and a few variations with increased hydrogen bonds to two and three for a short period. 466 

 Secondary structure analysis 467 

The secondary structure of Hb was analyzed using the STRIDE web server and MD simulation 468 

trajectories[82]. The structure of Hb was extracted at regular intervals (0 ns, 50 ns, 100 ns, 150 469 



 

ns, 200 ns, and 250 ns) from the MD simulation of the Hb-thifluzamide complex. Figure S6 470 

illustrates the secondary contributions of each residue in the protein at these intervals, as 471 

obtained from the STRIDE web server. Manual calculations revealed that the percentage of 472 

alpha helix in the structure varied between 72 % and 80 % during the simulations. This 473 

indicates that the binding of thifluzamide induced changes in the native secondary structure of 474 

Hb, potentially altering its normal function. 475 

 476 

3.7 Electrochemical Analysis 477 

Electrochemical analysis was done using cyclic voltammetry and tafel plot analysis. 478 

Voltammograms of ten consecutive scans of 0.1 mM solution of TF were recorded between -479 

1.8 V to 0 V (Figure 10a). A single reductive peak was observed around -1.4 V, corresponding 480 

to the irreversible reduction of TF at the electrode surface. A broad and small peak at -0.6 V 481 

was due to the solvent used. It was observed that the peak current reduced with the number of 482 

scans, possibly due to the deposition of reduced TF molecules onto the electrode surface, 483 

blocking the sites for new molecules[83]. Thus, the GCE was washed before every scan in 484 

further studies. 485 

Scan rate study of 0.1 mM solution of TF was done at 200mV/s, 300mV/s, 400mV/s, 500mV/s 486 

and 600mV/s scan rates. It is important to characterise the electrochemical process occurring 487 

on the electrode surface as it will help to understand the changes that occurred with the addition 488 

of Hb. Figure 10c illustrates the cyclic voltammograms of TF with various scan rates, from 489 

200 to 600 mV/s. On increasing scan rate, the cathodic peak current becomes more negative. 490 

To quantify this relationship, the cathodic peak current was plotted against the square root of 491 

the scan rate. The relationship between peak current and scan rate for an irreversible reaction 492 

can be described by the modified Randles-Sevcik equation[84], [85]: 493 

Ip = (2.99 × 105)n𝛼𝛼1/2AD1/2C𝑣𝑣1/2 494 

where: 495 

α – transfer coefficient, 496 

Ip - cathodic peak current (A), 497 

n -number of electrons involved in the redox process, 498 

A - electrode area (cm2), 499 

D - diffusion coefficient (cm2/s), 500 

C - concentration of the analyte (mol/cm3), 501 



 

ν - scan rate (V/s). 502 

The linear increase in peak current upon increasing the scan rate was observed, inferring that 503 

the reduction of TF at the electrode surface is a diffusion-controlled process. 504 

 505 
 506 

Figure 10.  a) Multi-scan cyclic voltammograms of 0.1mM solution of TF, b)tafel plot of TF, 507 

Hb and the mixture of TF-Hb at 30 minutes of stirring, c) cyclic voltammograms of 0.1mM 508 

solution of TF at 200mV/s, 300mV/s, 400mV/s, 500mV/s and 600mV/s scan rate and d) 509 

cathodic peak current versus scan rates (200-600 mV/s). 510 

Tafel plot of the pesticide solution and the mixture of pesticide and Hb solution (after 30 min 511 

of stirring) was recorded between the potential range of -1.8 V and 1 V at 10 mV/s scan with 512 

1x10-5 sensitivity (Figure 10b). The cathodic and anodic slopes for pesticide solution were 513 

found to be 3.37 and 5.96 respectively. Thus, the rate of cathodic processes occurring at the 514 

electrode surface was higher than anodic reactions, owing to the lower tafel slope[86]. Similar 515 

results were observed for the mixture of Hb and TF with cathodic and anodic slope of 2.52 and 516 



 

4.08 (Table 5). This confirms the irreversibility of TF reduction. The rate of anodic reactions 517 

occurring at the electrode surface was much slower in the case of pure TF solution 518 

Table 5. Cathodic and anodic slopes of Hb, TF and Hb-TF (30 min) obtained from tafel 519 

plot analysis 520 

S.No. System Cathodic slope Anodic slope 

1. Hb 3.03 3.47 

2. Thifluzamide 3.37 5.96 

3. Hb-thifluzamide 2.52 4.08 

 521 

A time-dependent study of the mixture of TF and Hb solution was done. Cyclic voltammograms 522 

were recorded at regular intervals as shown in Figure S7a. It was observed that the 523 

characteristic reductive peak of TF reduced gradually with time in the presence of Hb. 524 

Indicating gradual binding of the pesticide with the Hb protein. It was observed that in the 525 

presence of Hb the peak current of TF reduced significantly in the first 15 minutes. Peak 526 

reduction can be attributed to the unavailability of TF molecules at the electrode surface, which 527 

might be due to the binding of TF with Hb, the possibility of Hb blocking the electrode surface 528 

was eliminated by cleaning the electrodes prior to each reading. At 60 minutes, the peak 529 

disappeared completely. The pesticide concentration was reduced gradually to the limit of 530 

detection. 531 

Triplicate of the time dependent study of TF-Hb binding was performed. Figure S7 contains 532 

the cyclic voltammograms of Run 1, 2 and 3 along with the mean of current response at the 533 

reductive potential of TF at various time periods. In Figure S7d, it was observed that the 534 

standard deviation in the current response reduced gradually and stabilised after 30 min to a 535 

minimal value (~ ± 0.6μA). A high standard deviation in initial measurements indicates initial 536 

variability in the system, followed by a low standard deviation indicating equilibration of the 537 

system over time. The reproducibility and reliability of the experiment were confirmed with 538 

the low standard deviation in the peak current after 30 min.  539 

 540 

 541 

4. Conclusion 542 

The study utilised a multidisciplinary approach, incorporating spectroscopic, electrochemical, 543 

and computational methods, to investigate the interaction between TF and Hb. Our 544 

spectroscopic analyses, including UV-visible and fluorescence spectroscopy, confirmed the 545 



 

formation of a stable TF-Hb complex. The observed decrease in the Stern-Volmer quenching 546 

constant with rising temperature indicated static quenching, supported by a bimolecular 547 

quenching constant of 3.90×1012 M−1s−1 (298 k), pointing to static quenching involvement in 548 

TF-Hb binding. At 298 K, the binding constant was determined to be 6.64×105 M−1, with a 1:1 549 

binding ratio. The free energy change (∆G) of -34.491 kJ mol−1 further corroborated the 550 

stability of the TF-Hb complex. Increase in 274 nm peak confirmed binding of TF with 551 

aromatic regions of Hb. CD studies confirmed that thifluzamide binds with Hb, reducing its 552 

helix structure. The decrease in melting temperature Tm from 68.2 °C to 65.1 °C (222 nm) 553 

further indicated Hb destabilization upon thifluzamide introduction. Molecular docking studies 554 

highlighted specific interactions between TF and key amino acid residues of Hb, including 555 

ALA, HIS, VAL, LYS and LEU, with a binding energy of -25.52 kJ mol−1. Molecular dynamics 556 

simulations provided additional validation, showing conformational changes and stable 557 

complex formation through RMSD and RMSF analysis. Electrochemical studies offered 558 

further evidence of interaction, a consistent reduction in the TF reduction peak in the presence 559 

of Hb over time. Overall, our findings confirm the formation of a stable complex between TF 560 

and Hb. These insights reveal that TF binding induces structural changes in Hb, which might 561 

hamper its normal function, highlighting the potential impact of TF on the biological activity 562 

of Hb and broader implications for biological systems. 563 

 564 

 565 
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