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The interaction between myofibrillar proteins (MPs) and capsaicin (CAP) was investigated using multispectral,
molecular docking, and molecular dynamics simulation methods. The resulting complex increased the hydro-
phobicity of the tryptophan and tyrosine microenvironment as revealed by fluorescence spectral analysis. The
fluorescence burst mechanism study indicated that the fluorescence burst of CAP on the MPs was a static one (Kq
—1.386 x 10'? m’ls’l) and that CAP could bind with MPs well (Ka = 3.31 x 104 L/mol, n = 1.09). The analysis
of circular dichroism demonstrated that the interaction between CAP and MPs caused a decrease in the a-helical

structure of MPs. The complexes formed exhibited lower particle size and higher absolute { potential. Further-
more, hydrogen bonding, van der Waals forces, and hydrophobic interactions were found to be the primary
factors facilitating the interaction between CAP and MPs, as suggested by molecular docking models and mo-

lecular dynamics simulations.

Introduction

As the main compound responsible for the pungent flavor of chili
peppers, capsaicin (CAP) plays a critical role in determining their overall
spiciness level and quality. CAP has various applications in food and
medicine, including as a modulator of metabolism (Lu et al., 2019),
antibacterial (Wang, Yu, Zhang, Zhou & Jiang, 2019), pain reliever
(Baranidharan, Das & Bhaskar, 2013), antioxidant (Maksimova, Mirce-
ski, Gulaboski, Gudeva & Sarafinovska, 2016), anti-inflammatory
(Ghiasi, Esmaeli, Aghajani, Ghazi-Khansari, Faramarzi & Amani,
2019), anticancer (Friedman et al., 2018), and weight loss agent (Lu,
Cao, Ho & Huang, 2017). Chili peppers are often liberally added for
seasoning while processing Sichuan meat dishes. However, the in-
teractions between muscle protein and CAP, the main pungent compo-
nent of chili peppers, have been less systematically investigated.

Around 55-60% of the total muscle protein composition is made up

of myofibrillar proteins (MPs) (Xia et al., 2019), its physicochemical
properties have a notable influence on the quality of meat and meat
products. Although MPs have no obvious odor, they can combine with
flavor substances, thus improving and regulating the flavor of meat
products. Yin, Gao, Wang, Chen and Kong (2022) studied the interaction
between furan derivatives and pork MPs and observed that the binding
capacity of MPs decreased in the order of 5-methyl furfural > furfural >
2-acetyl furan > furanol. The results indicate that hydrogen bonding,
van der Waals forces, and hydrophobic interactions are the main ways
that MPs interact with the four furan derivatives. Wang, Zhang, Liu, Xia,
Chen and Kong (2022) explored the interactions of pork MPs with 2-pen-
tyl ketone, 2-hexanone, and 2-heptanone through molecular docking
and observed that hydrophobic interactions were the main driving force
for interactions between MPs and these ketones. Sun et al. (2023) found
that hydrophobic interactions and hydrogen bonds between amino acid
residues in MPs and flavor compounds from spices can lead to the
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formation of stable complexes with CAP. Currently, the interactions
between MPs and CAP have been scarcely investigated, and the
conformational changes related to the binding of MPs with CAP are
poorly understood. Thus, thoroughly studying the molecular mechanism
underlying the interactions between CAP and MPs can offer compre-
hensive guidance for accurately controlling the spicy taste and
enhancing the quality of Sichuan meat dishes.

The research employed UV-Vis absorption spectroscopy, simulta-
neous fluorescence spectroscopy, { potential, and circular dichroism
(CD) to examine how MPs bind to CAP, including their binding capacity
and mode. Furthermore, molecular docking and molecular dynamics
simulations were used to identify both the binding sites and types of
interactions involved. The findings can offer crucial insights into the
interplay between CAP and MPs, and guide the precise regulation of
Sichuan meat dishes’ spiciness.

Material and methods
Materials

The study used pork tenderloin obtained from a local food super-
market (Pidu, Chengdu), which came from 5-month-old female fragrant
pigs. The acid was drained off, and the pH value of fresh pork tenderloin
was approximately 6.05. CAP (97%) was purchased from MACKLIN.

Extraction of MPs

MPs were obtained using methods that were reported before (Zhang
et al., 2020). Initially, the meat was blended with cooled phosphate-
buffered saline (PBS) in a 1:4 ratio. The PBS solution contained 0.1 M
NaCl, 1 mM ethylene diamine tetraacetic acid (EDTA), 2 mM MgCl,, had
a pH of 7.0, and was kept at 4 °C. The mixture was then homogenized
using a homogenizer (FSH-2A, Shanghai Jipad Instrument Co., Ltd,
China) for 30 s at intervals of 1 min at a speed of 8,000 rpm. To obtain
the precipitate, the homogenate was centrifuged at 8,000 rpm for 15 min
at 4 °C. These steps were repeated thrice. Then, four volumes of PBS
(0.01 mol/L, 0.1 mol/L NaCl, pH 6.25) were added, homogenized for 30
s at 8,000 rpm, and after 1 min, homogenized again for another 30 s. The
precipitate was obtained by centrifugation. These steps were repeated
twice. In the end, PBS (pH 6.0) was introduced to the precipitate, mixed
for 30 s at a speed of 8,000 rpm, and then passed through gauze via
filtration.

Preparation of MPs and CAP solution

First, a CAP stock solution was prepared containing 30% anhydrous
ethanol. Afterward, the MPs were thinned to 10 mg/mL concentration
by using 20 mM PBS (pH 6.5). To create solutions of MPs with different
CAP concentrations, the stock solution and protein solution were mixed
in suitable volumes.

UV-Vis absorption spectroscopy

An UV-16001 Shimadzu Corp spectrometer from Kyoto, Japan was
utilized to obtain UV-Vis absorption spectra at wavelengths of 235 to
320 nm with adjustments made to the method employed by Shen et al.
(2022). In the mixture of CAP and MPs, the concentration of CAP was
0-80 uM, and that of MPs was 0.5 mg/mL.

Fluorescence spectroscopy

A fluorescence spectrophotometer (FLUOROMAX-4cp, HORIBA
Jobin Yvon, USA) was employed to measure fluorescence spectra
following the method of Kang, Kong, Hu, Li and Ma (2023) with slight
modifications. The experiment measured fluorescence using an excita-
tion wavelength of 280 nm and recorded the light spectrum between
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280 nm and 475 nm. Synchronous fluorescence spectra were also taken
with a 5 nm slit width and scanning speed of 1500 nm/min, with AA
values of 15 and 60 nm. The sample had a combination of CAP and MPs,
with concentrations ranging from 0 to 80 uM for CAP and 0.5 mg/mL for
MPs.

Circular dichroism measurements

The method described by Dai et al. (2021) was used to determine the
secondary structures of MPs by a circular dichroism spec-trometer
(Chirascan V100, Applied Photophysics Limited, UK). CAP was present
in the mixed solution at concentrations ranging from 0 to 80 uM, while
MPs were present at a concentration of 0.2 mg/mL.

Measurement of particle size and { potential

The particle size and { potential of MPs were measured using a
ZEN3600 particle size potential analyzer from Malvern Instruments Ltd.,
UK (Pan et al., 2022). The mixture contained MPs at a concentration of
0.5 mg/mL and CAP at concentrations ranging from 0 to 80 uM.

Molecular docking and molecular dynamics simulation

Molecular docking

CAP was bound with myosin using AutoDock vina software package,
which followed Liu et al.”’s (2023) method but with minor adjustments.
The CAP structure (PubChem CID: 1548943) was obtained from the
National Library of Medicine (https://www.ncbi.nlm.nih.gov/) through
download. The myosin model was obtained from porcine myosin
(Q9TV62) by homology modeling. The ligands were first removed from
the resulting protein model. Afterwards, AutoDock Tools was used to
remove the receptor protein and ligand small-molecule structures from
water molecules and add any absent hydrogen atoms to the myosin. To
evaluate potential binding sites for CAP and myosin, 50 blind docking
sessions were conducted with a grid of size 106 x 126 x 126 along the X,
Y, and Z axes. The resulting docking patterns were then analyzed using
PyMoL software 2.2.0.

Molecular dynamics simulation

The program GROMACS 2020 was used for molecular dynamics
simulations, with minor adjustments to the approach described by Wang
et al. (2022). Before the simulation, the protein and ligand were docked
using the software AutoDock vina to select the best binding conforma-
tion as the initial complex structure for molecular dynamics simulation.
The complex small molecules generate topology files in the GAFF force
field, and the proteins generate corresponding parameterization files in
the AMBER99SB-ILDN force field. Next, a cubic water box was created
by adding SPC/E water model molecules to the complex’s center.
Additionally, three Cl™ ions were incorporated within the water box to
maintain the electrical neutrality of the simulated system. The system
underwent a 50,000-step energy minimization process using the steepest
energy descent method to achieve stability once it was completed. The
canonical ensemble (NVT) with the Berendsen heat bath method was
used to maintain the temperature at 298.15 K. The simulation consisted
of 50,000 steps and each step had a duration of 2 fs. Then, an isothermal
isobaric system synthesis (NPT), Parrinello-Rahman pressure control, 1
atmosphere, 50,000 simulation steps, and 2 fs step size were used. The
function mdrun was executed using a time step of 2 fs and 15,000,000
simulations, totaling 30 ns of simulations. The data were obtained,
analyzed, and mapped accordingly.

Statistical analyses
SPSS 22 was utilized to process experimental data and Tukey’s test

with a significance level of 5% (P < 0.05) was employed to identify
significant differences in all statistical analyses.
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Results and discussion
UV-Vis absorption spectra.

UV-Vis absorption spectra are useful for characterizing the in-
teractions between small molecules and proteins, or for studying the
formation of new complex systems (Han et al., 2022). Fig. 1(a) presents
the UV-Vis absorption spectra of MPs at different CAP concentrations
(0-80 pM). All spectra showed absorption peaks at 280 nm, suggesting
the presence of aromatic amino acids such as tryptophan (Trp), tyrosine
(Tyr), and phenylalanine (Phe) (Shen, Huang, Zhao & Sun, 2019). As the
CAP concentration increased, the absorbance of the MPs solution
gradually rose and exhibited a minor red shift (from 274 to 276 nm). The
increase in absorbance of the complex is due to CAP’s association with
the aromatic amino acids present in MPs, while the shift towards longer
wavelengths in maximum absorbance signals a modification in the
microenvironment of these residues (Satheshkumar & Elango, 2014).
This indicated that the binding of CAP with MPs may alter the latter’s
structure. Due to the limited sensitivity of the method, the interaction
between MPs and CAP was further explored using fluorometric assays.

Fluorescence spectra

In general, the aromatic amino acids (Trp and Tyr) in proteins have
absorption peaks at 280 nm excitation wavelength (Sun, Wang, Liu,
Kong & Chen, 2021). Trp and Tyr residues are frequently employed to
examine protein conformational changes and intermolecular in-
teractions due to their high sensitivity to the surrounding microenvi-
ronment, making them important techniques for characterize the
tertiary structure of proteins (Lefevre, Fauconneau & Thompson, 2007).
As presented in Fig. 1(b). The fluorescence of MPs decreased with an
increase in the concentration of CAP, suggesting that the addition of CAP
caused the bursting of MPs’ fluorescence. Typically, while Trp and Tyr
reside within the hydrophobic protein interior, they may also be exposed
due to denaturation or ligand binding-induced structural alterations
(Wang, Xia, Yin, Liu, Chen & Kong, 2021). The interaction between CAP
and MPs modifies the microenvironment around Trp and Tyr residues of
myosin. The decrease in fluorescence intensity at 340 nm indicates that
this interaction occurs near the hydrophobic region adjacent to these
residues.

By analyzing the fluorescence data using the Stern-Volmer equation,
the mechanism responsible for the fluorescence burst triggered by CAP
was studied (Ying et al., 2018):

Fo/F = 1+Ksv[Q] = 1 + K7 [Q] (@))

2.5
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Fo represents the highest fluorescence intensity of MPs that lack CAP,
whereas F represents the maximum fluorescence intensity of MPs with
different concentrations of CAP. Kgy is the fluorescence burst constant of
CAP on MPs, expressed in L/mol. [Q] denotes the concentration of CAP
in mol/L. K4, expressed in L/mol-s, is the rate constant for bimolecular
quenching, and t( is the fluorophore’s lifetime without a quencher,
which is 1078 s.

The fluorescence burst mechanism was divided into dynamic burst
and static burst (Yao, Xu, Zhang, Zheng, Liu & Zhang, 2021). The highest
value for the scattering collisional burst constant of different bursting
agents with biopolymers was 2.0 x 10'° m~!s™! (Wang et al., 2022), in
the context of dynamic bursting. The linear relationship between the Fo/
F and [Q] curves is presented in Fig. 2(a), and the burst constant Kq
calculated from the experimental data was 1.386 x 10'2 m's7!. The
results obtained were much higher than 2.0 x 10'° m™'s™!, which
proved that the burst mechanism of CAP on MPs was not caused by a
dynamic burst but due to the static burst of CAP combined with MPs.

The provided formula can be utilized for determining the binding
constants and the quantity of binding sites (static burst):

log [(Fo — F)/F] = logK, +n log [Q] 2)

The values for Fy, F, and [Q] are consistent with those obtained from
the Stern-Volmer equation. The binding constant is denoted as K, and
the number of binding sites as n. The intercept and slope of the log(Fo-
F)/F versus log [Q] plot determine the K, and n values for the CAP and
MPs complexes. A strong binding effect between CAP and the MPs is
suggested by the K, value of 3.31 x 10* L/mol and n of 1.09 that was
determined (Fig. 2(b)).

Synchronous fluorescence spectroscopy

The emission wavelength shift of fluorescent groups, such as Tyr and
Trp residues, can be used to monitor the microenvironment of amino
acid residues (Yin, Gao, Wang, Chen & Kong, 2022). Fluorescence
spectra, which reveal information about the properties of Tyr and Trp
residues, were obtained simultaneously by setting the excitation and
emission wavelengths to 15 nm and 60 nm, respectively. This is illus-
trated in Fig. 3(a) and (b). As the concentration of CAP increased, the
fluorescence intensity of Trp and Tyr residues decreased in MPs, and
there was a slight blue shift in the maximum absorption peak (4 nm).
This indicates that the interaction between CAP and MPs altered the
microenvironment of both residues, leading to a decrease in the polarity
of the adjacent environment and an increase in hydrophobicity near the
amino acid residues (Yu et al., 2020). Trp residues have greater fluo-
rescence intensity than Tyr residues, suggesting they contribute more to
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Fig. 1. The effect of different capsaicin concentrations on the UV-Vis spectroscopy (a) and fluorescence emission spectra at 280 nm excitation wavelength (b) of MPs.
Notes: @ (black) represents MPs without added capsaicin; @ (Red) represents MPs with added 10 pM capsaicin; A (Blue) represents MPs with added 20 uM capsaicin;
(Green) represents MPs with added 40 uM capsaicin; ¢ (Purple) represents MPs with added 80 pM capsaicin. (For interpretation of the references to colour in this

figure legend, the reader is referred to the web version of this article.)
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Fig. 2. Stern-Volmer curve of capsaicin-induced fluorescence quenching (a) and logarithmic plot of capsaicin-induced fluorescence quenching (b) in MPs.
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Fig. 3. Effect of different concentrations of capsaicin on the synchronous fluorescence spectrum (AX = 15 nm) (a), synchronous fluorescence spectrum (A) = 60 nm)
(b) and Far-UV CD spectra (c) of MPs. Notes: @ (black) represents MPs without added capsaicin; @ (Red) represents MPs with added 10 pM capsaicin; A (Blue)

represents MPs with added 20 pM capsaicin;

(Green) represents MPs with added 40 pM capsaicin; ¢ (Purple) represents MPs with added 80 pM capsaicin. (For

interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

MPs’ intrinsic fluorescence (Wang, Ye, Zhao & Yu, 2008). This indicates
that the interaction site between CAP and MPs may be near Trp and Tyr
amino acids, CAP might induce structural changes in MPs by binding to
these residues.

Circular dichroism measurements

The change of protein conformation can be characterized by CD
spectrum (Zhang et al., 2022). Fig. 3(c) shows that in the absence of
CAP, two negative bands at 212 and 221 nm were detected, indicating
the presence of a-helical structure in proteins. This is the primary type of

secondary structure found in proteins (Zhang et al., 2021). With an in-
crease in CAP concentration, the intensity of the negative band
decreased gradually, suggesting a loss of the a-helical structure. Thus,
there was an interaction between CAP and MPs, which increased with
increasing CAP content. Hydrogen bonding between the amide C—O
and N—H groups is the primary stabilizing factor for the a-helical
structure (Wang, He, Gan & Li, 2018). However, the interaction between
CAP and MPs weakens internal hydrogen bonds while strengthening
external ones, leading to a decrease in the a-helical structure. This
concept was verified through molecular docking and dynamic
simulations.
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Particle size and { potential

The particle size of MPs at pH 6.5 was 1155 nm, whereas that of the
complexes bound with different concentrations of CAP decreased
significantly to 1060.33, 953.67, 886.13, and 854.53 nm, respectively
(Table S1). The relatively small particle sizes of the complexes after the
addition of CAP compared to the unbound MPs may be because the
addition of CAP promoted the noncovalent interactions with proteins,
inhibited the aggregation caused by protein-protein interactions, and
converted the larger aggregated particles of the complexes into smaller
aggregated particles. This result agrees with the findings of Zhan et al.
(2020) who confirmed that interactions between CAP and p-lactoglob-
ulin lead to a reduction in protein particle size.

The natural MPs carried a negative charge, and as the concentration
of CAP increased, the absolute ¢ potential of the fibronectin complexes
formed with CAP-MPs also increased (Table S1). The reason for this
could be the interplay between CAP and MPs, which causes modifica-
tions in the structure of MPs, exposes the protein’s negative charge, and
ultimately changes the ¢ potential. It is suggested that the addition of
CAP promotes its interaction with MPs and maintains a stable complex
structure by forming hydrogen bonds, while the higher absolute { po-
tential generates electric repulsion that prevents particle aggregation,
resulting in smaller particle sizes (Sui, Sun, Qi, Zhang, Li & Jiang, 2018).

Molecular docking

Myosin is the major protein in MPs (Zhang et al., 2020). Myosin was
selected as the receptor to bind with CAP. A homology model was
generated using myosin’s amino acid sequence (UniProtKB-Q9TV62)
and 96.14% of its amino acids were correctly positioned, as indicated by
the Ramachandran plot (Fig. 4(a)).

Molecular docking is a technique that can identify how small mole-
cules and receptors bind together, as well as their strength of interaction
(Wu, Xiao, Yue, Zhong, Zhao & Gao, 2020). In the docking state, CAP
was found to have formed a stable complex with myosin, as shown by
the molecular docking results (Fig. 4(b)), with a selected binding free
energy of —4.86 KJ/mol. As shown in Fig. 5(a) and 5(b), hydrophobic
interaction exist between residues Ala-429, Asp-598, and Pro-603 of
myosin and CAP, while CAP forms hydrogen bonds with bond lengths of
2.3 and 2.0 A through residues Lys-432 and Lys-599, respectively. These
results align with the findings from CD, which demonstrated that the
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stability of the complexes depends on hydrogen bonding and hydro-
phobic interactions between the protein and small-molecule ligand CAP.
These interactions play a crucial role in maintaining the complexes’ 3D
structural stability. Moreover, Asp-598, Asp-602, Ala-429, Cys-480, Glu-
272, Lys-273, Leu-270, Leu-271, Leu-476, Ser-274, and Val-649 in
myosin interact with myosin through van der Waals forces (Fig. 5(c)).

Molecular dynamics simulation

Root mean square fluctuations (RMSF)

During the simulation, the RMSF method was used to measure the
average movement of atomic positions in the molecular structure over a
period and represented the root mean square of the distance of a
structure-specific atom concerning the reference structure over the
entire time range, characterizing the flexibility of the protein, with
higher fluctuations in the RMSF representing higher flexibility of the
amino acid and leading to unstable binding (Yu et al., 2021). CAP
binding restricted myosin fluctuations, leading to lower fluctuations in
the complex during the simulation period (Fig. 6(a)). Consequently, the
complex was more structurally stable than myosin. Significant changes
in amino acid RMSF values were observed in the regions located at
202-214, 631-643, and 787-808, indicating that these positions were
the sites of interaction for the CAP-protein complexes. Therefore, the
conformation of the protein was changed by the interactions between
CAP and myosin.

Radius of gyration (Rg)

The Rg determines the structural activity by estimating the distri-
bution of atoms around the protein axis (Sneha & George Priya Doss,
2016) and is used to measure the tightness or degree of folding of the
molecular structure. Throughout the simulation, the Rg values of the
complexes were consistently lower than those of myosin. This implies
that the complexes have become more dense and their internal in-
teractions have been strengthened, possibly due to decreased moments.
At 20 ns of simulation, Rg reached a constant value, indicating that the
molecular dynamics simulation reached equilibrium after 20 ns. Upon
reaching equilibrium, the Rg value of the complex was notably
decreased compared to myosin alone, indicating that the binding of CAP
with myosin led to significant structural changes, resulting in a denser
protein structure (Fig. 6(b)).

-180° . e @\ . .l
-180° 0° 180°

O}

(@)

(b)

Fig. 4. Ramachandran plot for the homology model (a), and molecular docking model (3D) (b) of myosin and capsaicin.
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Molecular Mechanics/Poisson-Boltzmann surface area (MMPBSA)

The MMPBSA method computes the disparity in binding free energy
between two solvent-containing molecules when they are in their bound
and unbound forms. The calculation of the MMPBSA for the complex
was performed using a specific formula:

AGing = AEyqy + AEcou + (AGpotar + AGhon - polar) 3
Where AE,qy represents van der Waals interaction energy, AEcq, rep-
resents intermolecular electrostatic binding energy, AGpolar is the
polarized solvent-free energy, AGpon-polar iS the nonpolarized solvent-
free energy. The interactions between proteins and small-molecule
compounds were evaluated by calculating the binding free energy
(Farhadian, Shareghi, Asgharzadeh, Rajabi & Asadi, 2019). The calcu-
lation in Fig. S1 used the final 10 ns of the equilibrium state trajectory.
The binding energy between small molecules and proteins was deter-
mined to be —149.433 KJ/mol, indicating that they can bind strongly
and spontaneously. Van der Waals interaction energy (—240.538 KJ/
mol), intermolecular electrostatic binding energy (—16.541 KJ/mol),
polarized solvent-free energy (122.350 KJ/mol), and nonpolarized
solvent-free energy (—25.542 KJ/mol) are the forces that dominate the
interactions between myosin and CAP.

Conclusion

In short, the results of UV-Vis absorption spectra indicated that CAP
formed complexes with MPs. According to the fluorescence data, CAP’s
interaction with MPs changes the microenvironment of Trp and Tyr and
binds to the hydrophobic regions close to these moieties. Moreover, CAP
bursts the fluorescence of MPs by static burst (Kq = 1.386 x 102
m's™!). The CD measurements showed that MPs’ conformation
changed and the o-helical structure decreased when binding to CAP. The
results of molecular docking and dynamics simulations showed that CAP
could bind with myosin with a low binding free energy (—4.86 KJ/mol),
wherein myosin formed hydrogen bonds with CAP via Lys-432 and Lys-
599, while Ala-429, Asp-598, and Pro-603 formed hydrophobic bonds
with CAP. Both types of bonds promoted the formation of the complexes
and ensured their stability. This study reveals the interaction mechanism
between CAP and MPs, which provides more adequate theoretical sup-
port for precise regulation of the spicy flavor and improvement of the
quality characteristics of Sichuan meat dishes.

Data availability statement

All data supporting the findings of this study are available in the
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