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Abstract

This study explores the interaction between the pesticide thifluzamide (TF) and haemoglobin
(Hb) to understand potential structural changes that might affect Hb's function. Using a
combination of UV-visible and fluorescence spectroscopy, circular dichroism (CD), molecular
docking, molecular dynamics (MD) simulations, and electrochemical methods, we investigated
these interactions in detail. Spectroscopy results indicated the formation of a stable TF-Hb
complex, with a binding constant of 6.64x10° M ' at 298 K and a 1:1 binding ratio. The
stability of this complex was confirmed by a free energy change (AG) of -34.491 k] mol . CD
spectroscopy was employed to confirm structural changes in Hb due to thifluzamide binding.
Molecular docking studies revealed that TF interacts with specific amino acids in Hb, such as
ALA, HIS, VAL, LYS, and LEU, with a binding energy of -25.10 kJ mol '. MD simulations
supported these findings by showing conformational changes in Hb upon TF binding, as
indicated by RMSD and RMSF analyses. Electrochemical experiments further confirmed the
interaction, evidenced by a consistent decrease in the TF peak in the presence of Hb. Overall,
our findings shed light on how TF binds to Hb, causing structural changes that could potentially
impact its normal function. This research enhances our understanding of the biochemical

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

Electrochemical Studies
Cyclic Voltammetry
Tafel Plot

Spectroscopy

UV-visible
Fluorescence

Computational Studies

Molecular Docking
MD Simulations

Haemaglobin
Keywords: Thifluzamide, haemoglobin, cyclic voltammetry, static quenching, MD

simulations, circular dichroism, time resolved fluorescence spectroscopy, UV-visible

spectroscopy



64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96

1. Introduction

The extensive use of pesticides has led to significant negative impacts on both environmental
and human health[1]. Pesticide residues in food and the environment can affect genetic
polymorphisms and lead to other illnesses[2], [3]. TF, a benzamide-class fungicide, is notable
not only for its efficacy in agriculture but also for its potential biological interactions. It is
widely used to combat sheath blight in rice fields across Asia[4], [5]. Due to its extensive
application, TF often enters nearby aquatic ecosystems through runoff and spray drift, raising
environmental concerns[6], [7]. Studies have revealed that TF persists in marine environments,
leading to prolonged exposure risks for aquatic organisms[8]

Recent studies indicate that TF interacts with biological macromolecules, raising concerns
about its potential health implications[9]. For instance, Yang et al. (2021) revealed that TF
exposure in zebrafish embryos impairs neuroendocrine function and causes developmental
abnormalities, suggesting significant toxicity[10]. Additionally, other studies have reported its
toxic effects on earthworms and soil fungal communities, indicating a broad spectrum of
biological impacts. Structurally, the hydrophobicity of thifluzamide primarily arises from its
aromatic ring and alkyl chains, which are nonpolar and tend to avoid water, contributing to the
compound's overall lipophilic behavior. On the other hand, large number of halogen atoms (Br
and F) present in its structure introduces polar characteristics, making it capable of forming
hydrogen bonds with water, thus imparting some hydrophilic properties. However, the
predominant nature of thifluzamide is hydrophobic due to the larger nonpolar components of
its structure[11].

Haemoglobin, a crucial protein in red blood cells, is essential for oxygen transport throughout
the body[12]. Extensive research on Hb’s complex structure and functionality aims to
understand physiological processes better and develop clinical treatments. In Hb, hydrophobic
binding sites are mostly located inside the protein, helping to stabilize its structure. Key
residues like valine, leucine, alanine, and phenylalanine form a core that supports the heme
pocket, essential for oxygen binding. On the other hand, hydrophilic binding sites are found on
the surface, where residues such as lysine, histidine, and glutamic acid interact with water and
aid in solubility[13], [14]. This balance between hydrophobic and hydrophilic interactions is
crucial for maintaining Hb’s structure and ensuring efficient oxygen transport and release.
Given thifluzamide’s hydrophobic nature and its ability to form hydrogen bonds, it is likely
that the compound could interact with both the hydrophobic cavity and hydrophilic surface of

Hb as illustrated in Figure 1. The nonpolar regions of thifluzamide may favor binding within
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Hb’s hydrophobic sites, while its halogen atoms could interact with hydrophilic residues,

suggesting a potential for stable complex formation.

2DN1 (Hb) N
IR phe O

Thifluzamide

Hb-thifluzamide complex

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

Previous research by our group showed that dinotefuran pesticide strongly binds to human Hb,
inducing conformational changes and inhibiting its function [15]. A similar study with another
small organic molecule was also done; interactions of Ofloxacin-Hb were investigated using
spectroscopic, in-silico and electrochemical methods[16]. Studies on other pesticides, such as
TEPP, imidacloprid, and paraquat, have highlighted the potential for adverse effects on Hb’s
structure and function[17], [18]. Recent spectroscopy and computational biology
advancements have enhanced our understanding of ligand-protein interactions[19], [20], [21],
[22].

Understanding the interaction between TF and Hb is crucial for assessing its impact on blood
function, which is essential for evaluating its overall health risks. This study employs a
comprehensive methodology to thoroughly examine the interaction between TF and Hb,
including UV-visible spectroscopy, fluorescence, electrochemistry, molecular docking, and
molecular dynamics (MD) simulations. This multi-faceted approach provides a detailed
understanding of TF's effects on Hb. It contributes significantly to our knowledge of its

potential health risks.
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2. Experimental

2.1 Materials

The PBS buffer capsules (Product ID-31390E) were procured from MOLYCHEM.
Lyophilised powder of haemoglobin human (Product ID-H7379) was obtained from MERCK.
Agilent Technologies Inc. provided TF with a purity of 95%.

2.2 Methodology

2.2.1 UV-Visible Spectroscopy
UV-visible Spectrophotometer of Thermo Fisher Scientific (Evolution 300) was used to
investigate the interaction between TF and Hb. Experiments were conducted at room
temperature (298 K) and a pH of 7.4. The authors recorded the absorbance at an optimised
constant Hb concentration of 2.5 uM and then gradually adding the drug from 0 to 320 pM.
The baseline in the experiment was set using a reference solution of 1X PBS buffer. Triplicate

study was done to ensure the accuracy of the study.

2.2.2 Fluorescence Spectroscopy
Hitachi F-7000 Fluorescence Spectrophotometer was used to record emission spectra for TF
with and without Hb. In the experiment, authors titrated TF with Hb at 298, 303 and 308 K
individually. Further, the molarity of TF was varied from 0 to 280 uM. For the experiment, the
excitation was done with 280 nm (due to more robust absorbance of aromatic amino acid
residues at this wavelength and it also being the consistent choice for understanding ligand-
protein interactions) and the emission spectra were recorded between 290 nm to 500 nm. The
width of slits was 5 nm, and the spectra have been taken having a scan rate of 1200 nm/ min.
To account for the inner filter effect and for assessment of fluorescence data, authors applied
the following equation (1):
Feorrected = Fobserved.e(Ae* *Aem)’2 (1)
In the equation, Fobserved 1S the observed fluorescence of Hb, Fcomected denotes the corrected
fluorescence upon considering the inner filter effect. Aex and Aem are the absorption of TF at
excitation and emission wavelengths, respectively.
For time resolved fluorescence study, 5 uM Hb solution was prepared by dissolving Hb in a

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

was gradually added to the Hb solution in varying concentrations (0 pM, 40 pM, 120 uM, 200
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uM, 240 uM, 280 uM). After each addition, the solution was thoroughly mixed to ensure
uniform distribution. Time-resolved fluorescence (TRF) measurements were performed using
a single-photon counting spectrophotometer (Horiba Scientific, Delta Flex Jobin Yvon
technology, Glasgow, UK) with excitation at 338nm. The fluorescence decay curves were
recorded and analyzed to obtain the fluorescence lifetimes (I'1, I'2, I'3) and their respective

amplitudes (al, a2, a3).

2.2.3 Circular Dichroism Spectroscopy
The structural changes in Hb upon binding with thifluzamide were investigated using Circular
Dichroism (CD) spectroscopy. Initially, a stock solution of 1 uM Hb was prepared in a 10mM
phosphate buffer at pH 7.4. Solution of thifluzamide was added to the Hb to gradually increase
the concentration of thifluzamide (1 uM, 2 uM, 3 uM, 4 uM, 5 uM). The CD spectra were
recorded in the far-UV region (190-250 nm) at room temperature using JASCO 815 CD
spectrophotometer. The spectra of pure Hb and the Hb-thifluzamide complexes were measured

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

2.2.4 Insilico studies

Molecular Docking
The corresponding PDB (ID: 2DNI1) was obtained from the RCSB protein data bank.
Subsequently, the protein was prepared for docking utilising Chimera, Notepad++ and
Discovery Studio[20]. Initially, any existing ligands bound to the protein were removed,
followed by adding polar hydrogen atoms and balancing of charges. The structure of the
pesticide was designed using ChemDraw Professional and saved in mol2 format for further
analysis and docking studies[21]. Structural optimisation of the pesticide was done using the
Molecular Mechanics 2 (MM?2) forcefield in Chem3D to minimise the energy. Further, to
analyse the interactions occurring between TF with various amino acids of Hb, AutoDock was
used to perform molecular docking. AutoDock uses an advanced computational method
employed in molecular modelling to anticipate the binding mode and strength between a
protein target and a small molecule ligand[23], [24], [25], [26], [27]. It utilises various
algorithms and scoring functions to navigate the ligand's conformational space within the
protein's binding site, aiming to identify favourable energy configurations. An exhaustiveness
level of 40 was utilized. The grid box dimensions were set to 20x20x20 A, with the coordinates
being x=40.85, y=28.81, and z=15.95 to ensure site-specific docking. AutoDock's capability to

account for flexibility in both the ligand and protein enables a thorough examination of
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potential binding modes[28], [29]. Molecular docking was performed to provide the initial pose
for subsequent MD simulations. This approach is a standard procedure in computational
studies, as MD simulations are designed to mimic actual physiological conditions.

Molecular dynamics (MD) simulations

To understand the behaviour of TF in water and its interactions with Hb MD simulations
using GROMACS was performed [30], [31], [32]. The topology of the complex was prepared
by applying the CHARMM27 force field, and the SPC/E-TIP3P water model was used for
solvation[33]. A cubic simulation box was used with dimensions of 5.883x5.883%5.883 nm,
resulting in a volume of 203.644 nm?. The box was solvated with 5791 water molecules. The
density of the system, which included the Hb-TF complex and the water molecules, was
calculated to be 986.233 g/L. The system was equilibrated for 500 ps for a stable configuration
and thermal equilibrium. NVT and NPT ensembles were also utilised to stabilise the system
prior to MD simulations. Simulations were run for 250 ns to ensure that statistically meaningful
data was collected for further analysis. Reference temperature for the simulations was kept at
300 K which is the default temperature of GROMACS module. Various parameters like
structural fluctuations, intermolecular interactions, and diffusion coefficients were monitored.
Trajectories obtained from the simulations were used to calculate root mean square fluctuation
(RMSF), Root mean square deviation (RMSD), and the number of hydrogen bonds between
TF and Hb [34], [35]. The data obtained from the trajectory file was plotted in OriginPro to
obtain the graphs. Triplicate study was done to insure the reliability of the methods.

2.2.5 Electrochemical Studies

An Electrochemical Analyzer (Model 604E) from CHI Inc. was used to conduct
electrochemical analysis to study the interaction between TF and Hb. Cyclic voltammograms
were conducted within a potential range of -1.8V to 0 V. A series of studies were done with a
mixture of 0.1 mM of TF and 10 pM of Hb solution. Three electrode system was used for the
measurements with a glassy carbon electrode (GCE) as the working electrode, Ag/AgCl as the
reference electrode, and Platinum wire as the counter electrode. Prior to each measurement,
GCE was thoroughly cleaned with alumina paste (0.3 microns) and sonicated in deionised
water to remove any adsorbed Hb or TF from prior experiments. The solutions were prepared
in 1X PBS buffer with pH set to 7.4, and all experiments were conducted at room temperature

and triplicate study was also done.

3. Results and Discussion
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3.1 UV-Visible spectral studies

Assessing the binding between Hb and TF and conformational rearrangements in the
Hb brought on by potential interactions is a common use of UV-visible spectroscopy [16], [36].
As in Figure S1, Hb showed three peaks at 212, 274 and 406 nm due to n to w* transitions, ©
to m* transitions and the Soret band of porphyrin respectively [37], [38], [39], [40], [41], [42].
A significant increase in the intensity of 274 nm peak of Hb was observed on increasing the
amount of TF in the solution. This peak corresponds to the aromatic rings of the residues and
their environment. The change in intensity and slight red shift corresponds to the change in the
electronic environment of the residues indicative of the binding of TF at these hydrophobic
positions[43]. A slight increase in the intensity of the Soret band on the addition of TF could
correspond to a subtle interaction of TF with the porphyrin ring to potentially alter its electronic
environment. The averaged plot of the UV-visible absorption triplicate along with the
absorbance graph of Hb in the presence of TF at various concentrations with error bars/standard
deviation (Figure 2a and 2b), confirms the reproducibility of the UV-visible studies. Higher
standard deviations at higher concentrations of TF indicate a destabilised system at higher

concentrations of TF.
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Figure 2: UV-visible spectra of Hb solution and mixture containing Hb and TF with varying
concentrations of TF at 298 K a) averaged plot of Run 1, 2 & 3 and b) absorbance graph of Hb

at 274 nm against the concentration of TF

3.2 Fluorescence spectral studies

Fluorescence spectroscopy is used to investigate the interaction of TF with Hb. B-Trp37
of Hb is the primary cause of Hb's intrinsic fluorescence [44], [45]and the emission band is
observed at 336 nm after an excitation at 280 nm. On increasing the amount of TF, a decrease in

emission intensity is observed (Figure 3).
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Figure 3: Emission spectra of Hb against changing concentrations (0 to 280 uM) of TF at (a)
298 K, (b) 303 K and (c) 308 K

The authors recorded the emission spectra at 298 K, 303 K, and 308 K, with a difference of 10
K between the lowest and highest temperatures, to understand the type of quenching (Figure
3) [46], [47], [48]. When a Hb-TF complex forms in the ground state, static quenching takes
place. While TF-Hb collisional interactions causes dynamic quenching, and Fo/F was found to
have a linear relationship with [Q] for the cases (Equation 2 is used in the case of dynamic
quenching and for static quenching Equation 3 is used) [48], [49]. For mixed quenching Fo/F
does not show a linear relation with [Q] (Equation 4). Further, all of them have different values

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

?=1 T KSV[Q] 3 quo [Q] (2)
2=1+K[qQ] (3)
2=(1+ K, [QD)(1 + K [QD) )

F, and F - fluorescence intensities of Hb without and with TF;
Ksv - Stern-Volmer quenching constant;

kq - bimolecular quenching constant,

[Q] - Concentration of TF:

Ks - Static quenching constant or association constant;
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Kp - Dynamic quenching constant and t, (~ 10 seconds) [50].

[51], [52], [53], [54]In Figure 4a, a linear plot was analyzed using the Stern-Volmer equation
to determine kq and Ky (Table 1). The value of kq was found to be approximately 102 M's™,
which exceeded Ky [50-53], indicating static binding [51], [52], [53], [54].
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Figure 4: (a) Stern-Volmer plot (b) Modified Stern-Volmer plot; of Hb against varying
concentrations of TF (0 to 280 uM) at 298, 303, and 308 K

Table 1: Stern Volmer and bimolecular Quenching constants for TF-Hb binding at 298 K, 303
K and 308 K

Temperature (K) Ks (M) x 10* kq (M1s) x 1012
298 3.90 3.90
303 3.45 3.45
308 3.42 3.42

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

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

Fy—F
[47]log (—F—) = logK, +nlog[Q] (5)
In the equation, Kb is the binding constant, and ‘n’ represents the number of binding sites. At

298 K, the value of Ky is 6.64 x 105 M (Table 2) for the TF-Hb complex, and n is nearly equal
to one to indicate the formation of a complex in 1:1 ratio. Different thermodynamic parameters
for TF-Hb have been calculated from van’t Hoff’s plot (Figure S2) drawn using equations 6

and 7.

AH | AS
anb = - RT + R (6)

AG = AH — TAS (7)
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R - 8.314 Jmol 'K,

AG - Gibb’s free energy,

AH - Changes in enthalpy,

AS - Change in entropy.

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

at various temperatures.

Temperature K» (M) n AG (kJmol!) AH (kJmol!) AS (Jmol'K-
(Kelvin) )
208 6oax 10 136
-34.480 -248.459 -718.05
303 sa6x 100 | 1.24
308 8894.1 0.86

The AG value is a critical thermodynamic parameter that provides insights into the spontaneity
and strength of the binding interaction. The TF-Hb complex was formed due to various
interactions like hydrophobic, van der Waals, and hydrogen bonding. From Table 2, the value
of AG was found to be -34.491 kJmol'A negative AG value calculated from fluorescence
spectroscopy indicates that the binding of TF to Hb is a spontaneous process[55], [56], [57],
[58]. Typically, a more negative AG value implies stronger binding interactions, such as van
der Waals forces, hydrogen bonding, or electrostatic interactions. This thermodynamic analysis
is consistent with previously reported data on similar protein-ligand studies[59], [60], [61],

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

33 Time-resolved fluorescence spectroscopy

The time-resolved fluorescence (TRF) measurements revealed significant insights into the
interaction between thifluzamide and Hb. The fluorescence lifetimes (I'l, I'2, I'3) and their
respective amplitudes (a1, a2, a3) were recorded for varying concentrations of thifluzamide (0
uM, 40 uM, 120 uM, 200 uM, 240 uM, 280 uM) (Figure 5). Hb is a complex protein, and
because of its multi-chromophore nature, it exhibits a multi-exponential fluorescence decay.
Each fluorescence lifetime reflects different aspects of the dynamics within the protein. The
shortest lifetime (I'1) typically represents fluorophores on the protein's surface or in highly
dynamic regions that relax quickly. The intermediate lifetime (I'2) corresponds to moderately

exposed fluorophores, and the longest lifetime (I'3) is associated with buried or more rigid
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parts of the protein. A tri-exponential model is essential to capture these varied decay processes
and fully understand the fluorescence properties of Hb. At 0 uM thifluzamide, the fluorescence
lifetimes were I'l = 0.637944 ns, 2 = 1.59719 ns, and I'3 = 5.1221 ns, with respective
amplitudes of al = 16.87%, a2 = 75.44%, and a3 = 7.69%. The average fluorescence lifetime
(Tav) was calculated to be 2.350335 ns (Table 3). As the concentration of thifluzamide
increased, variations in the fluorescence lifetimes and their amplitudes were observed. For
instance, at 40 uM thifluzamide, the lifetimes were 'l =0.092472 ns, I'2 = 1.48886 ns, and I'3
= 4.79618 ns, with respective amplitudes of al = 17.56%, a2 = 72.51%, and a3 = 9.92%,
resulting in an average lifetime of 2.475685 ns. At the highest concentration of 280 uM, the
lifetimes were I'l = 0.788052 ns, [2 = 1.72131 ns, and I'3 = 6.06661 ns, with respective
amplitudes of al = 20.72%, a2 = 69.37%, and a3 = 9.9%, and an average lifetime of 2.976385
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Figure 5: Time-resolved fluorescence (TRF) decay profiles of Hb at different concentrations

of thifluzamide

Table 3: Fluorescence lifetimes (I'1, ['2, I'3) and their respective amplitudes (al, a2, a3) of
hemoglobin (Hb) at varying concentrations of thifluzamide (0 uM, 40 uM, 120 uM, 200 uM,
240 uM, 280 uM)

Con. (uM) | I'1 az a3 Ve Ty (ps)

(ps) |ar(%) |I2(ps) | (%) [I3(ps) | (%)
0 0.637 | 16.87 1.597 | 7544 | 5.122 | 7.69 | 1.003 | 2.350
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40 0.092 17.56 1.488 | 72.51 | 4.796 9.92 | 0.956 2475
120 0.987 31.6 1.767 | 59.61 | 5.533 879 | 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

The observed changes in fluorescence lifetimes with increasing concentrations of thifluzamide
suggested interactions between thifluzamide and the Hb molecules, potentially altering the
local environment around the fluorophores. These interactions could lead to changes in the
conformational dynamics of Hb, affecting its fluorescence properties. The statistical analysis
confirmed the significance of these changes, indicating a dose-dependent effect of thifluzamide
on the fluorescence lifetimes of Hb (Figure S3)[63].

As the concentration of thifluzamide increased, we observed shifts in the lifetimes and their
corresponding amplitudes, suggesting that thifluzamide interacts with Hb and alters the local
environments around the fluorophores. The increase in average lifetime (I'av) with higher
thifluzamide concentrations indicates the occurrence of static quenching, which tends to extend
fluorescence lifetimes (I'av), in contrast to dynamic quenching, which shortens them. This
supports our conclusion that static quenching plays a significant role in the Hb-thifluzamide

interaction[64].

34 Circular Dichroism Spectroscopy

The CD spectrum of pure Hb displayed characteristic peaks at 209 nm and 222 nm, indicative
of its a-helical structure (Figure 6)[65]. Upon the gradual addition of thifluzamide, notable
changes were observed in the CD spectra. Specifically, there was a decrease in the ellipticity
along with a slight red shift at both the peaks i. e. 209 nm and 222 nm, suggestive of a reduction
in the a-helical content of Hb. These spectral changes imply that the binding of thifluzamide
induces conformational alterations in helicity of the Hb[66], [67].

The addition of thifluzamide to Hb affects its helical structure. BeStSel webserver was used to
determine the secondary of Hb from the data obtained from CD spectroscopy[68], [69]. Native
HD has a helix content of 23.0%, which decreases to 19.3% with 1uM thifluzamide, indicating
destabilization or helicity disruption. At 2uM, the helix content slightly decreased to 16.6%,
and drops again with large margin to 8.2% at 3uM. The uneven decrease pattern observed in
helical content might be due to the dynamic complexation of ligand to protein structure. Once

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



356  and disrupted structure. So, we suggested that thifluzamide strongly interacted with Hb and
357  disrupts Hb’s helical structure (Table 4).
358 Table 4: Helix Content of Hb with Varying Concentrations of thifluzamide

S.No. Sample Helix (%)
1. Hb 23.0
2. Hb + 1uM Thifluzamide 19.3
3. Hb + 2uM Thifluzamide 16.6
4 Hb + 3uM Thifluzamide 8.2
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361 Figure 6: CD Titration spectra of Hb and Hb-thifluzamide complexes at thifluzamide
362  concentrations (1uM-5uM).

363

364 The observed decrease in a-helicity indicates that thifluzamide binding leads to partial
365 unfolding or reorganization of Hb’s secondary structure. This interaction likely to cause the
366  protein to adopt a less ordered conformation. The structural changes observed in the CD spectra
367  suggest that thifluzamide interacts with Hb, causing significant alterations in its secondary
368  structure. These conformational changes could have important biological implications,
369 potentially affecting the functional properties of Hb, such as its oxygen-binding capacity and
370  stability. Further studies, including fluorescence spectroscopy and molecular docking, could
371  provide deeper insights into the binding mechanism and structural effects of thifluzamide on
372 Hb.

373
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3.5 Thermal melt circular dichroism

The CD melting spectroscopy analysis of hemoglobin (Hb) with thifluzamide revealed
significant differences in thermal stability at different wavelengths, providing insights into how
thifluzamide binding affected Hb’s structure. Figure 7 contains the CD melting profiles of Hb
and Hb with thifluzamide at 222 nm and 208 nm. At 222 nm, which is sensitive to the a-helix
content, the melting temperature Tm for Hb was 68.2°C, while for Hb-thifluzamide, it was
65.1°C. This lower Tm for Hb-thifluzamide indicated that thifluzamide destabilized the a-
helical regions, making them less stable and more prone to unfolding at lower temperatures.
Conversely, at 208 nm, which reflected the overall secondary structure including both a-helices
and PB-sheets, the Tm for Hb was 51.15°C, whereas for Hb-thifluzamide, it was 58.74°C. This
suggested that thifluzamide altered the native structure of Hb, potentially disrupting the
hydrogen bonding or hydrophobic interactions critical for maintaining its tertiary or quaternary
structure [70]. These interactions highlighted the impact of thifluzamide on the structural
stability of Hb, providing insights into the binding of thifluzamide with Hb. The thermal melt
circular dichroism results were in good agreement with the CD titration studies, which also
revealed gradual binding of thifluzamide to Hb resulting in native structural changes in Hb

[711, [72].
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Figure 7: a) CD Melting profiles at 222 nm of Hb and Hb with 3 uM thifluzamide (b), first
derivative plot of the melting profiles (222 nm), c¢) CD melting profiles at 208 nm of Hb and
Hb with 3 pm thifluzamide, and d) first derivative plot of the melting profiles (208 nm).
[701[71], [72]

3.6  Insilico studies

3.6.1 Molecular docking

Interactions between TF and Hb were analysed using molecular docking. The nature of forces
in the formation of the TF-Hb complex were hydrophobic, van der Waals, hydrogen bonding
and electrostatic interactions. The binding energy for the TF-Hb complex was found to be -6.1.
Notably, it demonstrated effective interactions with ALA (65, 82), HIS (87), VAL (62), LYS
(61) and LEU (83, 86).

Various interactions were observed, including hydrogen bonding and hydrophobic interactions
(pi-alkyl, pi-sigma and pi-pi stacked). HIS:87 and VAL:62 formed hydrogen bonds with -CF3
moiety. LYS:61 interacted with the phenyl ring and the attached Bromine. LEU:83 showed a
maximum number of interactions (five) with the phenyl ring, bromine attached to the phenyl
ring, thiazole group and substituent of thiazole (-CH3 and -CF3). ALA:82 and LEU (86 & 83)
showed interactions with the thiazole moiety, as shown in Figure 8.

The binding site of TF in Hb (PDB ID: 2DN1) was a well-defined pocket characterized by a
combination of polar and nonpolar residues. Key interactions were observed with His A:87,
which likely formed hydrogen bonds with TF, providing specificity and stabilization. The
presence of Val A:62 contributed to the hydrophobic nature of the pocket, facilitating nonpolar
interactions that further stabilized the ligand. Additionally, Lys A:61 may have participated in
electrostatic interactions due to its positively charged side chain, enhancing binding affinity.
The pocket also included small, nonpolar residues like Ala A:65 and Ala A:82, alongside larger
hydrophobic residues such as Leu A:83 and Leu A:86. These residues contributed to the
hydrophobic environment, conducive to stabilizing TF's hydrophobic moieties. The spatial
arrangement and combination of these residues created a versatile binding pocket capable of
accommodating various functional groups of TF through a blend of hydrophobic, electrostatic,

and hydrogen bonding interactions.
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Figure 8: a) Two-dimensional and b) three-dimensional views of interactions between TF and
Hb (2DN1) in Runl. Two-dimensional docked pose of TF in ¢) Run 2 and d) Run 3

3.6.2 Molecular Dynamics Simulations

RMSD and RMSF

MD Simulations of Hb with and without TF was performed for 250 ns using GROMACS three
times. TIP3P model was employed with a temperature of 298 K using cubic box type.
Trajectories obtained after simulations were first centred with periodic boundary condition
‘pbc’, which keeps the centre of mass of the protein in the simulation box. Obtained trajectories
were plotted to understand the stability of the Hb with and without TF. Figure 9a represents
the root mean square deviation (RMSD) plot for the Hb and Hb-TF (mean). The RMSD value
of Hb alone stabilised initially, with no significant changes observed. However, in the case of
the Hb-TF complex, decrease in RMSD after 90 ns was observed indicating stablisation of the
complex [73], [74], [75]. The fluctuations in the RMSD values remained in the acceptable
range, implying a stable system. Figure 9b illustrates the root mean square fluctuations
(RMSF) of residues of Hb in the absence and presence of TF during MD simulations conducted
for 250 ns. It measures the average deviation of residues from their mean position. Lower
RMSF values indicate rigidity of the protein structure, while higher values suggests
flexibility[76]. In the case of the Hb-TF complex increased average fluctuations were observed
throughout the simulation. Increased fluctuations in the Hb-TF complex suggest changes in the
structure of the Hb protein. RMSD and RMSF analysis suggest binding of TF molecule with

Hb, resulting in a change in the protein structure.
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Figure 9. a) Root mean square deviation and, b) root means square fluctuations of Hb and Hb-
TF complex for 250ns
MD simulation of the Hb-TF complex was done three times to increase the reliability of the
study. All the parameters and conditions were kept identical. Figure S4a contains RMSD
obtained from the trajectories of Run 1, 2, and 3. Average RMSD values for Run 1, 2 and 3
were 0.170, 0.181 and 0.176 A, respectively[77]. The standard deviation for these values was
found to be 0.0055 A and relative standard deviation (RSD) of 3.14 %, which is in an
acceptable range[78], [79]. Similar patterns in the variation of RMSD were observed in Runs
1, 2, and 3 during the simulation, i.e., a gradual decrease in RMSD after 100 ns followed by
equilibration. Figure S4b contains the RMSF of triplicate MD simulations of the Hb-TF
complex for 250 ns. A similar fingerprint pattern in the RMSF was observed in Run 1, 2 and 3
indicating the reproducibility of the MD simulations.
Number of Hydrogen Bonds
The number of hydrogen bonds between the ligand and the protein were estimated from the
trajectory of Run 1, Run 2 and Run 3 and plotted in Figure SS. The observed fluctuation in the
number of hydrogen bonds between the Hb protein and TF during the initial phase of the
simulation (1-3 bonds) suggests a dynamic interaction. However, after 120ns, the number of
hydrogen bonds stabilised at one, indicating that the TF molecule reached equilibrium within
the protein's active site, resulting in a constant interaction pattern thereafter and stable complex
formation[80], [81]. Similar results were obtained in Run 2 and 3, with one stable hydrogen
bond and a few variations with increased hydrogen bonds to two and three for a short period.
Secondary structure analysis
The secondary structure of Hb was analyzed using the STRIDE web server and MD simulation

trajectories[82]. The structure of Hb was extracted at regular intervals (0 ns, 50 ns, 100 ns, 150
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ns, 200 ns, and 250 ns) from the MD simulation of the Hb-thifluzamide complex. Figure S6
illustrates the secondary contributions of each residue in the protein at these intervals, as
obtained from the STRIDE web server. Manual calculations revealed that the percentage of
alpha helix in the structure varied between 72 % and 80 % during the simulations. This
indicates that the binding of thifluzamide induced changes in the native secondary structure of

Hb, potentially altering its normal function.

3.7  Electrochemical Analysis

Electrochemical analysis was done using cyclic voltammetry and tafel plot analysis.
Voltammograms of ten consecutive scans of 0.1 mM solution of TF were recorded between -
1.8 V to 0 V (Figure 10a). A single reductive peak was observed around -1.4 V, corresponding
to the irreversible reduction of TF at the electrode surface. A broad and small peak at -0.6 V
was due to the solvent used. It was observed that the peak current reduced with the number of
scans, possibly due to the deposition of reduced TF molecules onto the electrode surface,
blocking the sites for new molecules[83]. Thus, the GCE was washed before every scan in

further studies.

Scan rate study of 0.1 mM solution of TF was done at 200mV/s, 300mV/s, 400mV/s, 500mV/s
and 600mV/s scan rates. It is important to characterise the electrochemical process occurring
on the electrode surface as it will help to understand the changes that occurred with the addition
of Hb. Figure 10c illustrates the cyclic voltammograms of TF with various scan rates, from
200 to 600 mV/s. On increasing scan rate, the cathodic peak current becomes more negative.
To quantify this relationship, the cathodic peak current was plotted against the square root of
the scan rate. The relationship between peak current and scan rate for an irreversible reaction

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

Ip = (2.99 x 105)na'/2ADY/2Cp1/?
where:
o — transfer coefficient,
Ip - cathodic peak current (A),
n -number of electrons involved in the redox process,
A - electrode area (cm?),
D - diffusion coefficient (cm?/s),

C - concentration of the analyte (mol/cm?),



502 v - scan rate (V/s).
503 The linear increase in peak current upon increasing the scan rate was observed, inferring that

504  the reduction of TF at the electrode surface is a diffusion-controlled process.
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507  Figure 10. a) Multi-scan cyclic voltammograms of 0.1mM solution of TF, b)tafel plot of TF,
508 Hb and the mixture of TF-Hb at 30 minutes of stirring, ¢) cyclic voltammograms of 0.1mM
509  solution of TF at 200mV/s, 300mV/s, 400mV/s, 500mV/s and 600mV/s scan rate and d)
510 cathodic peak current versus scan rates (200-600 mV/s).

511  Tafel plot of the pesticide solution and the mixture of pesticide and Hb solution (after 30 min
512 of stirring) was recorded between the potential range of -1.8 V and 1 V at 10 mV/s scan with
513  1x10 sensitivity (Figure 10b). The cathodic and anodic slopes for pesticide solution were
514  found to be 3.37 and 5.96 respectively. Thus, the rate of cathodic processes occurring at the
515  electrode surface was higher than anodic reactions, owing to the lower tafel slope[86]. Similar

516  results were observed for the mixture of Hb and TF with cathodic and anodic slope of 2.52 and
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4.08 (Table S). This confirms the irreversibility of TF reduction. The rate of anodic reactions
occurring at the electrode surface was much slower in the case of pure TF solution
Table 5. Cathodic and anodic slopes of Hb, TF and Hb-TF (30 min) obtained from tafel

plot analysis

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

A time-dependent study of the mixture of TF and Hb solution was done. Cyclic voltammograms
were recorded at regular intervals as shown in Figure S7a. It was observed that the
characteristic reductive peak of TF reduced gradually with time in the presence of Hb.
Indicating gradual binding of the pesticide with the Hb protein. It was observed that in the
presence of Hb the peak current of TF reduced significantly in the first 15 minutes. Peak
reduction can be attributed to the unavailability of TF molecules at the electrode surface, which
might be due to the binding of TF with Hb, the possibility of Hb blocking the electrode surface
was eliminated by cleaning the electrodes prior to each reading. At 60 minutes, the peak
disappeared completely. The pesticide concentration was reduced gradually to the limit of
detection.

Triplicate of the time dependent study of TF-Hb binding was performed. Figure S7 contains
the cyclic voltammograms of Run 1, 2 and 3 along with the mean of current response at the
reductive potential of TF at various time periods. In Figure S7d, it was observed that the
standard deviation in the current response reduced gradually and stabilised after 30 min to a
minimal value (~ £ 0.6pA). A high standard deviation in initial measurements indicates initial
variability in the system, followed by a low standard deviation indicating equilibration of the
system over time. The reproducibility and reliability of the experiment were confirmed with

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

4. Conclusion
The study utilised a multidisciplinary approach, incorporating spectroscopic, electrochemical,
and computational methods, to investigate the interaction between TF and Hb. Our

spectroscopic analyses, including UV-visible and fluorescence spectroscopy, confirmed the
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formation of a stable TF-Hb complex. The observed decrease in the Stern-Volmer quenching
constant with rising temperature indicated static quenching, supported by a bimolecular
quenching constant of 3.90x10'?> M!s™! (298 k), pointing to static quenching involvement in
TF-Hb binding. At 298 K, the binding constant was determined to be 6.64x10° M !, with a 1:1
binding ratio. The free energy change (AG) of -34.491 kJ mol ™' further corroborated the
stability of the TF-Hb complex. Increase in 274 nm peak confirmed binding of TF with
aromatic regions of Hb. CD studies confirmed that thifluzamide binds with Hb, reducing its
helix structure. The decrease in melting temperature Tm from 68.2 °C to 65.1 °C (222 nm)
further indicated Hb destabilization upon thifluzamide introduction. Molecular docking studies
highlighted specific interactions between TF and key amino acid residues of Hb, including
ALA, HIS, VAL, LYS and LEU, with a binding energy of -25.52 kJ mol !. Molecular dynamics
simulations provided additional validation, showing conformational changes and stable
complex formation through RMSD and RMSF analysis. Electrochemical studies offered
further evidence of interaction, a consistent reduction in the TF reduction peak in the presence
of Hb over time. Overall, our findings confirm the formation of a stable complex between TF
and Hb. These insights reveal that TF binding induces structural changes in Hb, which might
hamper its normal function, highlighting the potential impact of TF on the biological activity

of Hb and broader implications for biological systems.
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