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TAS2RA46, a bitter taste receptor, is crucial for detecting harmful substances. Understanding its
molecular interactions with bitter compounds could help develop bitter taste modulators for the
food and pharmaceutical industries. However, such interactions had remained underexplored. A
computational method was utilized in this investigation to examine the binding interactions
between TAS2R46 and the bitter components of liquid smoke. By utilizing molecular docking
and molecular dynamics simulations, one may analyze the modes of binding, the stability of
these interactions, and the essential residues at the binding site. The human TAS2R46 protein
(PDB ID 7XP6) had been selected for this study. Molecular docking was employed to predict
the binding modes and affinity of the liquid smoke’s ligands to the TAS2R46 receptor.
Subsequently, molecular dynamics simulations were conducted to analyze the stability and
dynamics of the TAS2R46-liquid smoke ligand complexes over a 100 ns timeframe. Our
computational findings revealed that the nine teen-reported compounds of liquid smoke could
indeed bind to TAS2R46. Delta energy component calculations had indicated the stability of
these ligand-receptor complexes, with 1-(2,4,6-trihydroxyphenyl)-ethanone showing the most
favorable binding energy. These results provided crucial insights into the molecular basis of
bitter taste perception and may have implications for the food industry and drug development. In
conclusion, this research bridged a critical knowledge gap by providing a molecular-level

understanding of how TAS2R46 interacted with bitter compounds in liquid smoke.
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Introduction

Liquid smoke is a food additive that imparts a distinctive
smoky flavor to meat and fish. It is produced by heating wood or
biomass in an oxygen-deficient environment for 450-600 degrees
Celsius before allowing it to condense into a liquid. Liquid smoke,
which ranges in color from yellow to red and is water-soluble, is
utilized as an alternative to wood smoke in cooking while preserving
the flavor.® Liquid smoke is a versatile flavoring agent that can be
applied topically to meat and vegetables, serving as a common
substitute for the direct infusion of food through wood smoking.
Originally, liquid smoke was not marketed or sold as a food additive,
but rather as a preservative. By passing smoke from smoldering
woodchips through a condenser, which rapidly cools the vapors and
causes them to liquefy, liquid smoke is produced. The liquid entraps
the water-soluble flavor compounds present in the smoke, whereas a
sequence of filters eliminates the insoluble tars and resins.? Liquid
smoke is a natural product made from condensing the smoke from
burning wood.
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The application of liquid smoke has several advantages over
traditional smoking methods, including time and energy savings,
environmental friendliness, elimination of potentially toxic
compounds, and precise control over the smoke flavor. Liquid smoke
can be used on any dish to impart smoky flavor, and it is used
extensively by food manufacturers as a flavor additive. Additionally,
liquid smoke removes harmful compounds associated with traditional
smoking methods.

There are limitations to the use of liquid smoke as a flavoring agent, as
the smoky flavor of liquid smoke products is not as natural and robust
as the traditional flavor. While research has been undertaken to
investigate individual taste receptors (e.g., umami, sweet, bitter, and
salty receptors) and taste-activating components capable of stimulating
receptors, insufficient attention has been paid to the mechanisms
underlying the perception of multiple flavors and tastes.* The
percentage of brine and liquid smoke had a substantial impact on the
smoked flavor of Mediterranean mussels; therefore, an investigation
was conducted to determine how to optimize the steaming with liquid
smoke smoking process.* Sensory determinants, encompassing flavor,
texture, and taste, exert a significant influence on consumer meal
selection. One of the most influential aspects of sensory quality that
has a direct impact on customers' food selection is flavor.

Coconut shell liquid smoke is a byproduct of the pyrolysis process of
burning coconut shells. It is used as a flavoring agent and preservative
in the food industry. The volatile constituents of liquid smoke
produced from coconut shells during pyrolysis at a portion of 350-420
°C were assessed in this work.” Using GC-MS, another study
identified the chemical components of the three distinct grades of
liquid smoke from coconut shells.® Various chemical compounds in
coconut shell liquid smoke were identified, including polyphenols,
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polycyclic aromatic hydrocarbons (PAHSs), phenol, guaiacol, and EMP
compounds.” The findings of these studies may be useful in
determining the potential applications of different grades of coconut
shell liquid smoke.

G proteins and G protein-coupled receptors mediate bitter transduction
in mammalian taste receptor cells, according to several biochemical
and physiological studies. The family of over 30 bitter taste receptor
genes is responsible for imparting bitter taste in animals. Its primary
role is to safeguard the organism from the absorption of hazardous
substances.® The sense of taste is responsible for detecting and
distinguishing between sweet, bitter, sour, salty, and amino acid
(umami) stimuli, and the discriminatory power of taste is achieved by
the activation of different combinations of taste receptors.® Bitter taste
receptors are type Il taste receptor cells (TRCs), which are a subfamily
of GPCRs containing a separate population of bitter detecting cells.
Taste biology has devoted a substantial amount of effort to elucidating
the variation among bitter taste receptors and their agonists.'® Taste
receptors are responsible for detecting and distinguishing between
different taste modalities, and the discriminatory power of taste is
achieved by the activation of different combinations of taste receptors.
Human bitter taste perception is mediated by 25 bitter taste receptors
(T2Rs), which are activated by a wide range of compounds, including
smoked liquid. T2Rs are expressed in extraoral tissues, including nasal
epithelium, brain, large intestine, testis, and human airways. A study
analyzed the expression of TAS2R genes in different extraoral tissues
and found a specific pattern of TAS2R expression, mostly independent
of tissue origin and the pathological state, except in cancer cells. The
study also assessed the functionality of the expressed T2Rs in these
cells, measuring intracellular calcium mobilization after stimulation
with the bitter compound quinine.”* A better understanding of the
T2R-ligand of smoked liquid interactions can provide novel tools for
modulating receptor function in various physiological and
pathophysiological conditions. Although research has been undertaken
to examine individual bitter taste receptors and the effects of smoked
liquid components' smoky tastes on activating these receptors, the
mechanisms behind the experience of bitterness remain inadequately
understood.

To study the interaction between compounds of smoked liquid and
human taste bitter receptors, molecular docking, and molecular
dynamics studies can be conducted. A model can be used to predict
the affinities between smoked flavor components as ligands and the
human bitter taste receptor, based on the synergy of the multiple linear
regression, molecular docking, and electronic tongue.? Molecular
docking and molecular dynamics simulations have been used to
characterize the interaction of steviol glycoside (SG) with human
bitter taste receptors at the molecular level. The results showed that
SG has only one site for orthosteric binding to these receptors, and the
binding free energy between the receptor and SG was negatively
correlated with SG bitterness intensity.** However, the connection
between smoked flavor components and bitter taste receptors in
humans as ligands has yet to be investigated. A computational method
for analyzing the binding interactions between TAS2R46 and the bitter
components of liquid smoke is presented in this paper. The
investigation incorporated molecular dynamics simulations and
molecular docking techniques to examine the binding mechanisms,
identify critical residues located in the binding locations, and assess
the stability of these interactions.

Materials and Methods

Hardware

The molecular docking and molecular dynamics simulations were
performed using an HP Z640 WorkStation Server with the following
specifications: 32 GB of random-access memory (RAM), a single Intel
Xeon E5-2667 processor, an Nvidia® RTX 3060 graphics processing
unit (GPU), and a dual system running Ubuntu 22.04 LTS and
Windows 10 Pro-64-bit.

Software
Several software tools were employed in the research to build the
studying the molecular interactions between liquid smoke chemicals
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and human bitter taste TAS2R46 based on molecular docking and
molecular dynamics. PyRx 9.0 is a free and open-source software
that is based on AutoDock and was used for molecular docking.
Avogadro™ is a free and open-source application for editing and
visualizing molecular structures. A piece of software called Discovery
Studio Visualizer 2021%, is used for viewing and studying the
structures and characteristics of molecules.

Preparation of enzyme structure

TAS2R46 macromolecule (PDB ID 7XP6), which was received from
the website https://www.rcsb.org, was the docking target protein. The
appropriate target protein was downloaded in *.pdb format. It was then
created using Discovery Studio Visualizer 2021 after being initially
stripped of all atoms, molecules, and ions that included water. After
being isolated from its native ligand (strychnine), the macromolecular
structures were then saved in *.pdb format.

Preparation of ligands

Nineteen reported volatile compounds in coconut shell liquid smoke®
were retrieved from the website pubchem.ncbi.nim.nih.gov. All the
ligand structures were converted and saved in *.pdb format.

Validate the molecular docking procedure

To validate the molecular docking method, strychnine, the native
ligand, was re-docked into the binding pocket of the TAS2R46
macromolecule (PDB ID 7XP6). In a cycle of the ligand, the grid box
was set to 40:40:40 A sizes until the binding site was covered and the
grid center was formed. Ten GA-run settings in all, ten quick
evaluations, and a maximum evaluation of 250,000 were used for
validation. Data on binding energy and RMSD were included in the
*.dlg file that contained the collected results. Then, using Discovery
Studio Visualizer 2021 software, the bonding interactions between the
native ligand and macromolecules were displayed. The pre-native
ligand and the post-native ligand overlapped. The similarity or
suitability of the obtained results was next assessed. The validation
was deemed successful if the RMSD value was less than 2.0.

Molecular docking simulation

The nineteen reported volatile compounds in coconut shell liquid
smoke® docked using AutoDock 4.2 by using the docking parameters
were determined using the dimensions and coordinates received during
the docking procedure's validation stage.

Scoring and results interpretation

AutoDock assessed the generated binding postures based on energy
estimations after the initial docking. The binding poses with the lowest
binding energy were identified as the most favorable. The binding
poses with the lowest binding energy were identified as the most
favorable. A comprehensive analysis of the docking results was
carried out to determine the optimal ligand binding poses and to assess
the orientations of the ligands within the binding site by utilizing a
Discovery Studio Visualizer 2021. This analysis provided insights into
the ligand-receptor interactions and the affinity of the ligands for the
receptor.

Result and Discussion

Human bitter taste TAS2R46 is a bitter taste receptor that responds to
a broad spectrum of bitter substances, but strychnine is the most potent
agonist identified.’” There are 25 known T2Rs in humans responsible
for bitter taste perception.®* Molecular docking and molecular
dynamics simulations were employed in this investigation to analyze
the interactions between bitter taste receptors and nineteen volatile
chemicals present in liquid smoke derived from coconut shells.

Molecular docking

Validation for docking procedure

The successful redocking of strychnine and the low RMSD indicate
that the chosen docking procedure and software can accurately predict
the binding mode of this ligand with TAS2R46. This is crucial for
various applications, including drug discovery, where the ability to
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predict how a small molecule interacts with a target receptor is
essential for designing and optimizing new drug candidates.

A low RMSD indicates that the docking procedure was successful in
reproducing the correct binding pose. By using location of the binding
site with a grid box size of 40 A x 40 A x 40 A with coordinates -
21.727 A, -6.323 A, and -5.281 A obtained an RMSD value of 1.628
A (Figure 1). The obtained RMSD value of 1.628 A was a measure of
the difference between the pose predicted by the docking program and
the experimentally determined X-ray crystal structure. In this study, an
RMSD of 1.628 A suggests that the docking program is reliable for
predicting the binding mode of Strychnine to TAS2R46. The binding
energy of -6.96 kcal/mol and the inhibition constant (Ki) of 7.89 uM
provide further insights into the quality of the docking results. A lower
binding energy is generally indicative of a more favorable interaction,
and the Ki value represents the concentration at which 50% of the
receptor sites are occupied. These values suggest a strong binding
affinity between strychnine and TAS2R46.

Binding energy

The binding energy (AG) of 19 volatile compounds in coconut shell
liquid smoke in the binding site of the TAS2R46 macromolecule (PDB
ID 7XP6) was calculated using AutoDock 4.2 software (Table 1).
These binding energies were indicative of the strength of interaction
between the ligands and the receptor. Additionally, the inhibition
constant (Ki) values can be derived from these AG values, providing
insight into the ligands' affinities for the receptor.
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PDB interaction

Figure 1: Visualization of re-docking of the native ligand
(strychnine) into the binding site of the human bitter taste
TAS2R46 macromolecule (PDB ID 7XP6). The binding mode
of strychnine from X-ray crystallography (a). Overlaying of the
native ligand X-ray crystallography (Green) and native ligand
resulting from re-docking (Blue) (b).

Table 1: Binding of energy for 19 volatile compounds in coconut shell liquid smoke in the binding site of the TAS2R46
macromolecule (PDB ID 7XP6)

Ligand

Binding Energy, Protein-ligand interactions

AG (kcal/mol)  Number of hydrogen bond  Amino acid residues
Strychnine -6.96 2 Glu265, Asn184
3-methyl-2-cyclopenten-1-one -4.04 1 Trp88
2-hydroxymethylphenol -4.93 4 Asn184, Tyr241, Asn96
2-furanmethanol -3.60 3 Asn96, Asnl84, Tyr241
2-hydroxy-3-methyl-2-cyclopenten-1-one -4.41 3 Asn92, Asn184
2-methoxyphenol -4.63 2 Asn184, Asn96
3-methylphenol -4.58 2 Asn96, Asn92
2-methoxyphenol -4.63 1 Asnl84
2-methoxy-4-methylphenol -5.08 2 Asn184, Asn96
1,2-benzenediol -4.68 2 Asnl84
3-methoxybenzene-1,2-diol -4.90 3 Asnl184, Trp88
4-ethyl-2-methoxyphenol -5.30 2 Asn184, Asn92
4-methyl-1,2-benzenediol -5.10 2 Asn184
2,6-dimethoxyphenol -4.77 2 Asn184, Asn96
3,4-dimethoxyphenol -5.11 4 Asn92, Asn96, Trp88, Phe269
4-ethyl-benzene-1,3-diol -5.14 3 Asn92, Asn96, Trp88
1,2,3-trimethoxybenzene -4.63 3 Asn92, Trp88, Asn96
1-(2,4,6-trihydroxyphenyl)-ethanone -5.58 5 Ala268, Asn96, Asn92, Trp88
1,2,3-trimethoxy-5-methylbenzene -5.03 2 Glu265, Phe269

5

1-(4-hydroxy-3-methoxyphenyl)-propan-2-one -5.52

Asn184, Phe269, Glu265
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Binding energy (AG) represents the free energy of binding, indicating
the strength of the interaction between a ligand and its receptor. A
lower AG value indicates a more favorable and stronger binding
interaction. Strychnine has the most negative AG of -6.96 kcal/mol,
suggesting it forms the strongest interaction with TAS2R46. 2-
hydroxymethylphenol has a binding energy that is somewhat less
negative than strychnine, indicating a slightly weaker binding affinity.
While it's not as strong as strychnine, it still exhibits a reasonably
favorable interaction with the receptor. 2-hydroxy-3-methyl-2-
cyclopenten-1-one (AG = -4.41 kcal/mol) also has a binding energy
that was less negative than strychnine, suggesting a weaker binding
interaction. However, it's noteworthy that it falls within a similar range
of binding affinity as 2-hydroxymethylphenol. 2-methoxy-4-
methylphenol (AG = -5.08 kcal/mol) has a binding energy that was
closer to that of strychnine compared to the previous two ligands. This
indicates a stronger binding affinity for TAS2R46. While not as strong
as strychnine, it falls within the group of ligands with relatively higher
binding affinities in these ligands. Among these three ligands, 2-
methoxy-4-methylphenol stands out as having the binding energy
closest to that of Strychnine, suggesting a relatively strong binding
affinity for TAS2R46. 2-hydroxymethylphenol and 2-hydroxy-3-
methyl-2-cyclopenten-1-one have slightly weaker binding affinities,
but they still demonstrate favorable interactions with the receptor. In
detail, the probability of a given interaction between the receptor and
strychnine has been analyzed by examining the interactions on each
frame and then averaging the number of occurrences of the
interactions on the entire number of frames, as done previously.™

Protein-ligand interactions

The protein-ligand interactions in the binding site of the TAS2R46
receptor (PDB ID 7XP6) for various ligands (Figure 2). These
interactions are primarily characterized by the number of hydrogen
bonds formed and the specific amino acid residues involved.
Strychnine formed 2 hydrogen bonds with the receptor. These bonds
involved the amino acid residues Glu265 and Asn184.

The presence of hydrogen bonds suggests specific and stable
interactions between strychnine and TAS2R46, which contribute to its
strong binding affinity. The 1-(2,4,6-trihydroxyphenyl)-ethanone and
1-(4-hydroxy-3-methoxyphenyl)-propan-2-one, exhibit  binding
energies that were close to that of strychnine, suggesting strong
binding interactions with TAS2R46.

The number of hydrogen bonds formed between a ligand and the
receptor is a crucial factor in determining binding affinity. More
hydrogen bonds generally indicate stronger interactions. Ligands
forming multiple hydrogen bonds with key amino acid residues (e.g.,
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Asnl184, Trp88, Asn96, Tyr241) are likely to have higher binding
affinities. 1-(2,4,6-trihydroxyphenyl)-ethanone and 1-(4-hydroxy-3-
methoxyphenyl)-propan-2-one, with 5 hydrogen bonds each, were
among the ligands with the most extensive and specific interactions
with the receptor. It was discovered that the orthosteric binding site of
TAS2Rs aligned with that of class A GPCRs, and the ability of bitter
compounds to bind to multiple specificities was accomplished through
the utilization of sub-pockets within the orthosteric binding site. This
enabled distinct types of interactions to occur with various ligands.?
These interactions provide insights into the mechanisms of ligand-
receptor binding for TAS2R46 and can guide further investigations
into the ligands' functional properties and biological effects. These
ligands are promising candidates for further experimental studies to
confirm their binding interactions and explore their biological effects
with TAS2R46. Their relatively strong binding affinities suggest
potential functional significance in the context of this receptor.

Molecular dynamics

Molecular dynamics is a computer methodology utilized to model the
time-dependent dynamic behavior of molecular systems, under the
assumption that all entities within the simulation box possess
flexibility.?? It can be used to explore molecular conformations and
as a docking method itself. Molecular dynamics simulations can be
used before docking to generate an ensemble of protein conformations
and after docking to optimize the structures of the final complexes,
calculate more detailed interaction energies, and provide information
about the ligand binding mechanism.

RMSD

The Root Mean Square Deviation (RMSD) variation of the TAS2R46
protein and its ligand, strychnine, was examined during a molecular
dynamics simulation lasting 100 nanoseconds (Figure 3a). RMSD is a
valuable metric used in structural biology and computational
chemistry to measure the structural deviation of a molecule or
complex from its reference structure, providing insights into the
stability and dynamics of the system being studied. The RMSD of
TAS2RA46 fluctuated during the simulation. It started at approximately
0.15 A and gradually increased until it reached a maximum of around
1.14 A at t=30 ns. This initial increase suggested that TAS2R46
underwent some structural adjustments during the first 30 ns. After
that, its RMSD started to decrease and fluctuated around 0.85-1.14 A,
This indicated that TAS2R46 eventually stabilized in a conformation
somewhat different from its initial state but remained relatively
consistent. The RMSD of strychnine exhibited different behavior
compared to TAS2R46.
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R:271
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Figure 2: Visualization of 2D interactions for strychnine, 1-(2,4,6-trihydroxyphenyl)-ethanone, and 1-(4-hydroxy-3-methoxyphenyl)-
propan-2-one.
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It started at approximately 0.0005 A and quickly jumped to around
0.227 A at t=5 ns, indicating a significant deviation from its initial
conformation. It continued to fluctuate, reaching a maximum of
approximately 0.364 A at t=35 ns. This suggested that strychnine
experienced considerable mobility and flexibility within the binding
pocket of TAS2R46.

The observed fluctuations in RMSD values for TAS2R46 and
strychnine could be attributed to the dynamics of the protein-ligand
complex during the simulation. It was common for proteins to undergo
conformational changes in response to ligand binding, and the ligand
itself could also exhibit significant flexibility within the binding
pocket. The fluctuations in TAS2R46 RMSD may have indicated
structural rearrangements necessary for the protein to accommodate
strychnine or adapt to the binding interaction. As the simulation
progressed, TAS2R46 appeared to reach a relatively stable
conformation with a consistent RMSD value, suggesting it had found
an energetically favorable binding state. In contrast, the larger and
more variable fluctuations in the RMSD of strychnine suggested that
the ligand explored various binding conformations during the
simulation. This flexibility in strychnine's conformation within the
binding pocket was likely reflective of its dynamic interactions with
the protein.

In conclusion, the RMSD data for TAS2R46 and strychnine during the
100 ns simulation provided insights into the dynamic behavior of the
protein-ligand complex. These fluctuations were expected in
molecular dynamics simulations and offered valuable information
about the structural dynamics and stability of the system under
investigation.

Analyzed for the Root Mean Square Deviation (RMSD) fluctuation of
the TAS2R46 protein and 1-(2,4,6-trihydroxyphenyl)-ethanone, over a
100 ns molecular dynamics simulation (Fig. 3b). The RMSD of
TAS2R46 fluctuated during the simulation. It started at approximately
0.17 A and experienced a gradual increase, reaching a maximum of
around 1.17 A at t=95 ns. This suggests that TAS2R46 underwent
significant structural changes during the simulation. The increasing
RMSD values may indicate dynamic conformational adjustments in
the protein, reflecting its response to the presence of the 1-(2,4,6-
trihydroxyphenyl)-ethanone. The RMSD of 1-(2,4,6-
trihydroxyphenyl)-ethanone also exhibited fluctuations during the
simulation. It started at a very low value (0.0005 A) and gradually
increased over time, reaching a maximum of approximately 0.68 A at
t=10 ns. The RMSD values for 1-(2,4,6-trihydroxyphenyl)-ethanone
remained relatively stable around 0.6-0.7 A for the remainder of the
simulation. This suggests that 1-(2,4,6-trihydroxyphenyl)-ethanone
explored different conformations within the binding pocket of
TAS2R46 during the initial phase of the simulation but eventually
reached a relatively stable binding conformation.

The observed RMSD fluctuations in TAS2R46 and 1-(2,4,6-
trihydroxyphenyl)-ethanone reflect the dynamic behavior of the
protein-ligand complex during the 100 ns simulation. These

——TAS2R46 ——TAS2R46

——517

——Strychnine 3

0 20 40 60 80 100 0 20
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fluctuations are typical in molecular dynamics simulations, as proteins
and ligands often undergo structural changes to optimize binding
interactions. The increasing RMSD in TAS2R46 indicates that the
protein undergoes significant conformational adjustments to
accommodate  1-(2,4,6-trihydroxyphenyl)-ethanone  during  the
simulation. This adaptation may involve changes in the binding
pocket, side-chain movements, or domain reorientations, all of which
are common in ligand-protein interactions. The relatively high RMSD
value of TAS2R46 at t=95 ns might imply a dynamically stable state
for the protein-ligand complex. In contrast, the RMSD fluctuations for
1-(2,4,6-trihydroxyphenyl)-ethanone, with an initial spike followed by
stabilization, suggest that the ligand initially explored different
binding conformations but eventually settled into a stable
conformation within the binding pocket of TAS2R46. Overall, the
RMSD data provide valuable insights into the dynamic interactions
between  TAS2R46  and 1-(2,4,6-TRIHYDROXYPHENYL)-
ETHANONE during the simulation, shedding light on the structural
dynamics and the stability of the complex.

Analyze the Root Mean Square Deviation (RMSD) fluctuation of the
TAS2R46 protein and 1-(4-hydroxy-3-methoxyphenyl)-propan-2-one,
over a 100 ns molecular dynamics simulation (Fig. 3c). RMSD is a
fundamental metric used in structural biology and computational
chemistry to evaluate the structural deviation of a molecule or
complex from its reference structure, providing insights into the
stability and dynamics of the system. The RMSD of TAS2R46
fluctuated during the simulation. It started at approximately 0.15 A
and displayed a moderate increase until t=40 ns, where it reached
around 1.37 A. This suggests that TAS2R46 experienced significant
conformational changes or structural adjustments during this period.
Afterward, the RMSD decreased, indicating some degree of
stabilization. However, it is important to note that TAS2R46 still
exhibited fluctuations in RMSD throughout the simulation. The
RMSD of 1-(4-hydroxy-3-methoxyphenyl)-propan-2-one exhibited
considerable fluctuations during the simulation. It started at a very low
value (0.0005 A) and rapidly increased to over 1 A at t=5 ns. This
suggests a substantial departure from the initial binding conformation
of 1-(4-hydroxy-3-methoxyphenyl)-propan-2-one. Throughout the
simulation, the RMSD of 1-(4-hydroxy-3-methoxyphenyl)-propan-2-
one showed periodic fluctuations. It reached a maximum of
approximately 1.43 A at t=10 ns and then showed variations around
0.4-1.32 A. These fluctuations indicate that 1-(4-hydroxy-3-
methoxyphenyl)-propan-2-one explored different binding
conformations within the binding pocket of TAS2R46.

The observed fluctuations in the RMSD values of TAS2R46 and 1-(4-
hydroxy-3-methoxyphenyl)-propan-2-one provide insights into the
dynamic behavior of the protein-ligand complex during the 100 ns
simulation. These fluctuations are typical in molecular dynamics
simulations, reflecting the dynamic nature of protein-ligand
interactions.

18 ——TAS2R46 ——519

RMSD

60 80 100 0 20 40 60 80

Time (ns] Time [ns)

Figure 3: RMSD fluctuation for strychnine (a), 1-(2,4,6-trihydroxyphenyl)-ethanone (b), and 1-(4-hydroxy-3-methoxyphenyl)-
propan-2-one (c).
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The increasing RMSD in TAS2R46 suggests that the protein
underwent substantial conformational adjustments during the initial
phase of the simulation, likely in response to the binding of 1-(4-
hydroxy-3-methoxyphenyl)-propan-2-one. The subsequent decrease in
RMSD implies that the protein reached a more stable conformation,
albeit with fluctuations, which may indicate a dynamically stable state
for the protein-ligand complex.

In  contrast, the RMSD fluctuations of 1-(4-hydroxy-3-
methoxyphenyl)-propan-2-one indicate that the ligand explored
different binding conformations within the binding pocket of
TAS2R46. The large initial spike in RMSD highlights the ligand's
flexibility and the conformational changes it underwent upon binding.
Subsequently, the RMSD of 1-(4-hydroxy-3-methoxyphenyl)-propan-
2-one displayed variations, suggesting that it continued to sample
different binding modes. Overall, the RMSD data provide valuable
insights into the dynamic interactions between TAS2R46 and 1-(4-
hydroxy-3-methoxyphenyl)-propan-2-one  during the simulation,
shedding light on the structural dynamics and the stability of the
complex.

Three distinct ligands were examined in terms of their Root Mean
Square  Deviation (RMSD) values: strychnine, 1-(2,4,6-
trinydroxyphenyl)-ethanone, and 1-(4-hydroxy-3-methoxyphenyl)-
propan-2-one, from a 100 ns molecular dynamics simulation. RMSD
is a fundamental metric used in structural biology and computational
chemistry to assess the structural deviation of a molecule from its
reference structure, providing insights into the stability and dynamics
of the ligand in the binding pocket of a protein.

Strychnine, 1-(2,4,6-trihydroxyphenyl)-ethanone, and 1-(4-hydroxy-3-
methoxyphenyl)-propan-2-one all experienced fluctuations in RMSD,
indicating that they underwent dynamic interactions with the
TAS2R46 protein during the simulation. Strychnine exhibited the
smallest fluctuations in RMSD, indicating a relatively stable binding
to the protein. This suggested a well-defined and maintained binding
mode throughout the simulation. 1-(2,4,6-trihydroxyphenyl)-ethanone
displayed more significant fluctuations in RMSD, suggesting that it
explored a range of binding conformations within the binding pocket
of TAS2R46. This could indicate a more dynamic binding interaction.
1-(4-hydroxy-3-methoxyphenyl)-propan-2-one exhibited the most
substantial RMSD fluctuations, indicating that it underwent
considerable structural changes within the binding pocket, suggesting
a highly dynamic binding mode.

In summary, the RMSD data for the three ligands, strychnine, 1-
(2,4,6-trihydroxyphenyl)-ethanone, and 1-(4-hydroxy-3-
methoxyphenyl)-propan-2-one, provided insights into their dynamic
interactions with the TAS2R46 protein during the 100 ns simulation.
the extent of RMSD fluctuations varied, reflecting differences in the
stability and flexibility of their binding interactions. further analysis,
such as clustering or principal component analysis, could offer a more
detailed understanding of the structural transitions and conformational
changes in these ligand-protein complexes.

RMSF

In the analysis of the Root Mean Square Fluctuation (RMSF) profiles
of amino acid residues within the active site of the TAS2R46 protein
(PDB 1D 7XP6) with the presence of three different ligands (Fig. 4).
The RMSF profiles of the amino acid residues in the active site for all
three ligands, strychnine, 1-(2,4,6-trinydroxyphenyl)-ethanone, and 1-
(4-hydroxy-3-methoxyphenyl)-propan-2-one, were found to be
remarkably similar. This suggested that the ligands interacted with the
same set of amino acid residues in the active site, causing similar
fluctuations in these residues. All three ligands caused significant
fluctuations in residue 37, indicating that this residue was involved in
stable contact with the ligands. This implied that residue 37 played a
critical role in ligand binding and recognition in TAS2R46. Similar to
residue 37, residue 75 also exhibited substantial RMSF fluctuations for
all three ligands, suggesting that residue 75 was actively involved in
binding interactions with strychnine, 1-(2,4,6-trihydroxyphenyl)-
ethanone, and 1-(4-hydroxy-3-methoxyphenyl)-propan-2-one. Residue
114 showed high RMSF values, indicating that it was highly flexible,
and its fluctuations were consistent across all ligands. This suggested
that residue 114 was involved in accommodating the structural
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changes that occurred during ligand binding. Residue 216 exhibited
the highest RMSF values among the analyzed residues. The
pronounced fluctuations suggested that residue 216 was very flexible
and might undergo significant conformational changes during ligand
binding. This residue likely played a key role in the ligand-induced
structural rearrangements within the active site. Residue 255 displayed
moderate fluctuations in response to all three ligands, indicating that
this residue was involved in stable but not highly dynamic interactions
with the ligands, contributing to the stability of the binding site.
Similar to residue 255, residue 301 also showed moderate RMSF
values, indicating that residue 301 was involved in stable but not
highly flexible contacts with the ligands and contributed to the overall
stability of the active site.

The similarity in RMSF profiles for strychnine, 1-(2,4,6-
trihydroxyphenyl)-ethanone, and 1-(4-hydroxy-3-methoxyphenyl)-
propan-2-one implied that these ligands comparably interacted with
TAS2R46. The highly fluctuating residues, such as 37, 75, and 216,
suggested their critical roles in ligand recognition, binding, and
potential induced conformational changes. On the other hand, residues
255 and 301 were less dynamic, indicating their contribution to the
stable binding environment within the active site.

MMGBSA

The stability of ligands within a protein's active site is often evaluated
based on various energy components, which provide insights into the
binding interactions. A comprehensive analysis of strychnine, 1-
(2,4,6-trihydroxyphenyl)-ethanone, and 1-(4-hydroxy-3-
methoxyphenyl)-propan-2-one stability was conducted by examining
various energy components, including AVDWAALS, AEEL, AEGB,
AESURF, AGGAS, AGSOLV, and ATOTAL (Figure 5).
AVDWAALS for strychnine was -48.62 kcal/mol, indicating strong
Van der Waals interactions with the active site of TAS2R46. Both 1-
(2,4,6-trihydroxyphenyl)-ethanone and 1-(4-hydroxy-3-
methoxyphenyl)-propan-2-one  exhibited  significantly  lower
AVDWAALS values (-24.33 and -24.11 kcal/mol, respectively),
suggesting weaker Van der Waals interactions with the protein. The
AEEL for strychnine was -1.43 kcal/mol, suggesting a favorable
electrostatic interaction with TAS2R46. 1-(2,4,6-trihydroxyphenyl)-
ethanone exhibited a less favorable AEEL of -6.88 kcal/mol, indicating
weaker electrostatic interactions. 1-(4-hydroxy-3-methoxyphenyl)-
propan-2-one had an intermediate AEEL value of -2.24 kcal/mol,
reflecting moderate electrostatic interactions.

AEGB (Electrostatic Interaction with Solvent) was 10.42 for
strychnine, suggesting a significant electrostatic interaction with the
surrounding solvent. Both 1-(2,4,6-trinydroxyphenyl)-ethanone and 1-
(4-hydroxy-3-methoxyphenyl)-propan-2-one displayed AEGB values
(24.52 and 9.94 kcal/mol, respectively) indicating relatively stronger
electrostatic interactions with the solvent compared to strychnine.
AESURF (Nonpolar Solvation Energy) for strychnine was -4.24
kcal/mol, indicating a favorable nonpolar solvation effect. Both 1-
(2,4,6-trihydroxyphenyl)-ethanone and 1-(4-hydroxy-3-
methoxyphenyl)-propan-2-one had similar AESURF values (-3.61 and
-3.42 kcal/mol), suggesting comparable nonpolar solvation effects.
AGGAS (Gas Phase Energy) was -50.05 kcal/mol for strychnine,
reflecting its overall gas phase energy during binding. Both 1-(2,4,6-
trihydroxyphenyl)-ethanone and  1-(4-hydroxy-3-methoxyphenyl)-
propan-2-one had higher AGGAS values (-31.21 and -26.35 kcal/mol),
indicating that they were less stable in the gas phase compared to
strychnine.

AGSOLV (Solvation Energy) was 6.19 kcal/mol, indicating a
favorable solvation energy for strychnine. Both 1-(2,4,6-
trihydroxyphenyl)-ethanone and  1-(4-hydroxy-3-methoxyphenyl)-
propan-2-one showed similar AGSOLV values (10.91 and 6.51
kcal/mol), suggesting comparable solvation effects. ATOTAL (Total
Energy) was -43.87 kcal/mol, representing the overall energy
contribution for strychnine's stability in the active site. Both 1-(2,4,6-
trihydroxyphenyl)-ethanone and  1-(4-hydroxy-3-methoxyphenyl)-
propan-2-one had less negative ATOTAL values (-20.3 and -19.84
kcal/mol), indicating that they were less stable in the active site
compared to strychnine.
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The analysis of these energy components suggests that strychnine
exhibited stronger Van der Waals interactions and more favorable
electrostatic interactions with TAS2R46 compared to 1-(2,4,6-
trihydroxyphenyl)-ethanone and  1-(4-hydroxy-3-methoxyphenyl)-
propan-2-one. Additionally, strychnine demonstrated better stability in
the gas phase, more favorable nonpolar solvation energy, and
relatively more favorable total energy, indicating its strong binding
within the active site. In contrast, 1-(2,4,6-trihydroxyphenyl)-ethanone
and 1-(4-hydroxy-3-methoxyphenyl)-propan-2-one showed weaker
interactions and less stability in these various energy components,
suggesting that may have less favorable binding within the active site.
Bitter taste perception is predicated on bitter taste receptors (TAS2Rs),
however, mounting data suggests that bitter taste receptors are also
produced in a variety of extra-oral tissues. Generally, the activation of
these extra-oral TAS2Rs induces signals and cellular responses that
are location-dependent and crucial for metabolism and homeostasis.?
By combining network-based methods with MD simulations, the study
distinguishes between the active and inactive conformational states of
the bitter taste receptor TAS2R46 in humans. Furthermore, an
examination is conducted into the molecular mechanisms that govern
the flow of information between the EC and IC regions. The
dynamical characteristics of active and inactive TAS2R46 states are
illuminated in this study, which also identifies possible signal transfer
pathways from the orthosteric binding site to G-protein-coupled
areas.
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Conclusion

Exploring the mechanism of liquid smoke perception and its
interaction with the human bitter taste receptor TAS2R46 (PDB 1D
7XP6) through molecular docking and molecular dynamics
simulations has provided valuable insights into the potential binding
modes, stability, and dynamics of this interaction. Molecular docking
results indicated that all the volatile compounds of liquid smoke were
capable of binding to the TAS2R46 receptor. This suggests that liquid
smoke compounds are potential ligands for TAS2R46. Molecular
dynamics simulations provided insights into the stability and dynamics
of the TAS2R46-liquid smoke ligand complexes. 1-(2,4,6-
trihydroxyphenyl)-ethanone, the closer ligand to strychnine, exhibited
the most negative delta energy component, suggesting the most stable
binding to TAS2R46. These findings can guide further studies in the
field of taste perception and may have applications in the food
industry and drug discovery. Further experimental validation will be
essential to confirm and extend these computational results, providing
a comprehensive understanding of the interaction between TAS2R46
and bitter compounds in liquid smoke.
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