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ABSTRACT: Isorhamnetin, kaempferol, myricetin, and quercetin
are four kinds of secondary metabolites in sea buckthorn, which
have a wide range of biological activities. Investigating their
interactions with tyrosinase at the atomic level can improve the
bioavailability of sea buckthorn. Both molecular docking and
molecular dynamics simulation methods were employed to study
the interactions of these ligands with tyrosinase. The results of
molecular docking indicated that these four small molecules such
as isorhamnetin, kaempferol, myricetin, and quercetin can all dock
into the active center of tyrosinase, and by occupying the active
site, they can prevent substrate binding, thereby reducing the catalytic activity of tyrosinase. Molecular dynamics simulation
trajectory analysis showed that all tyrosinase—ligand complexes reach an equilibrium within 100 ns. In addition, quercetin has the
lowest binding energy among these four ligands, and the complex with tyrosinase is the most stable. This study not only provides
valuable information for improving the bioavailability of sea buckthorn but also contributes to the discovery of effective natural
inhibitors of tyrosinase.

1. INTRODUCTION

Natural products normally show low toxicity and high
efficiency to be used as chemopreventive agents. Sea buckthorn
(Hippophae rhamnoides L.) belongs to the genus Hippophae
and Elegancies family and is mainly distributed in Russia,
Mongolia, and China." It exhibits many bioactivities, such as
antitumour, antioxidation, anti-inflammatory, antiradiation,
and so on. It is a traditional Chinese medicine used in ancient

used in traditional Chinese medicine. Some epidemiological
studies have found that long-term consumption of kaempferol
can possibly reduce the risk of cancer and cardiovascular
disease.’

Myricetin is a common metabolite in natural foods such as
berries, vegetables, tea, wine, and herbs. It has been considered
as an antioxidant that can inhibit the free radical-mediated
photoaging of the skin.” Some studies reveal that myricetin can

Tibetan and Mongolian medicine. Previous studies have shown
that the fruits, leaves, and stem bark of sea buckthorn contain
more than 190 natural active substances such as vitamins,
flavonoids, lycopene, and carotenoids, which are all beneficial
for human health.” Flavonoid is one of the most important
secondary metabolites in sea buckthorn, which has a range of
anti-inflammatory and antimicrobial effects.” In addition, some
flavonoids also show antiviral and anticancer properties.'
Isorhamnetin, kaempferol, myricetin, and quercetin are the
four major flavonoids in sea buckthorn (Figure 1).

Isorhamnetin is a flavonoid that widely exists in sea
buckthorn, Ginkgo biloba, mulberry cotyledon, and other
plants. It is commonly used in the prevention and treatment of
cardiovascular diseases’ and has many functions such as anti-
hepatotoxicity, antioxidation, and inhibition of platelet
aggregation. Recent studies have shown that isorhamnetin
can prevent the H,0,-induced oxidative damage in H9c2
cardiomyocytes.’

Kaempferol has been found in many edible plants (such as
tea, cauliflower, strawberry, and grape), which is commonly
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inhibit weight gain and body fat accumulation by increasing
fatty acid oxidation.”

Quercetin exhibits protective effects on the cardiovascular
system. Quercetin and other flavonoids can protect low-density
lipids (LDL) from oxidation, inhibit atherosclerotic plaque
formation,” and resist hypertension and arrhythmia by

. . . 10
promoting the relaxation of cardiovascular smooth muscle.

Tyrosinase, a multifunctional copper-containing metal
enzyme, is commonly located on the membrane of
melanosomes and widely exists in animals, plants, and

. T . .
microorganisms. ~  Structurally, tyrosinase is composed of
multiple subunits, each subunit contains two copper ions
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(a)

(b)

Figure 2. (a) High-resolution (1.33 A) crystal structure of mushroom tyrosinase (PDB ID: 2zmxc A chain). (b) Active site of the enzyme contains
two copper ions denoted as A and B, which are coordinated by six histidine residues HIS38, HISS4, HIS63 (Cull (a)) and HIS190, HIS194,

HIS216 (Cull (b)), respectively, and depicted by a rod model.

surrounded by three histidine residues, which are responsible
for the catalytic activity of tyrosinase (Figure 2). In addition,
an endogenous bridge connects the two copper ions to form
the active center of tyrosinase.'” The enzymatic reaction of
tyrosinase is the primary process in melanin production in
living organisms, where the accumulation of an excessive level
of melanin can cause skin damage, such as age spots or
malignant melanoma. Moreover, the browning of fruits and
vegetables is related to the oxidation of phenolic compounds
catalyzed by tyrosinase, which results in a loss of market value

of foods."> Therefore, tyrosinase inhibitors have gradually
become a research hotspot.

Molecular docking has been an important approach to
investigate protein—ligand interactions.* Molecular dynamics
simulation is usually used to obtain the interaction trajectories
for better understanding biological processes, which has been
considered as a general method to study the interactions and
conformational stability of biomolecules.”” In this study, we
studied the protein conformation changing of tyrosinase upon
interacting with four kinds of flavonoids such as isorhamnetin,
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Figure 3. Docking position and interactions of tyrosinase with four ligands: (a) isorhamnetin, (b) kaempferol, (c) myricetin, and (d) quercetin.
The numbers 1—3 represent the binding site, binding conformation, and interactions diagram between ligands and tyrosinase, respectively.

kaempferol, myricetin, and quercetin by molecular docking and
molecular dynamics simulation. The authors propose that
searching new bioactive ligands to reduce the biocatalytic
activity of tyrosinase will be of great significance in
biotechnology and pharmacology, which will not only help
better understand the bioactivities of tyrosinase itself,'® but
also pave the way for the drug discovery of tyrosinase

inhibitors.

2. MATERIALS AND METHODS

2.1. Preparation of Tyrosinase and the Four Small
Molecules. The crystal structure of tyrosinase (PDB ID: 2zmx
A chain) was obtained from Brookhaven Protein Database
(http://www.rcsb.org/pdb). The R value of this file is 0.213,
and the protein crystal was prepared at pH 7.5. Discovery
Studio (DS, Dassault Systems BIOVIA, USA), which is the
professional molecular simulation software, was used to
pretreat protein receptors, including deleting unnecessary
ligands and water molecules, hydrogenation, and completing
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Figure 4. Molecular dynamics (100 ns) results of four tyrosinase—ligand complexes. (a) RMSD, (b) Rg, (c) SASA, and (d) RMSF values of four
kinds of tyrosinase without ligand were plotted according to the residue number, and (e) RMSF values of four tyrosinase ligands were plotted

according to the number of atoms.

incomplete amino acid residues.'” Three-dimensional (3D)
transformer of the four small molecules downloaded from
PubChem database (http:/ /publichem.ncbi.nlm.nih.gov), and
the registration numbers for flavonoid ligands isorhamnetin,
kaempferol, myricetin, and quercetin are 5281654, 5280863,
5281672, and 5280343, respectively. The topology was built
using the PRODRG2 server.'® DS software was used to
optimize the geometry of small-molecule ligands. Both protein
receptors and small-molecule ligands are endowed to the
CHARMM force field.

2.2. Molecular Docking. Tyrosinase is composed of 277
amino acids and two Cu ions. A sphere with a radius of 12 A
was set up. DS software was used to view and analyze the
flexible docking results. During the whole docking process,
amino acid residues such as HIS38, HISS4, HIS63, HIS180,
HIS190, HIS194, HIS21S, and HIS216 in the protein receptor
are all set flexible,'® and the rest remains a rigid structure. The
binding energy was considered the optimal docking posture of
small-molecule ligands, and the minimum binding energy of
protein complexes was selected for further analysis.

2.3. Molecular Dynamics (MD) Simulation. The lowest
binding free energy conformation of each complex was
considered to be the initial conformation for the MD
study.”” The results of the MD simulation can explain the
conformational changes of the protein complex during the
binding process. Moreover, they further provided the basis for
the binding mode of small-molecule ligands and receptor
proteins.”’ All MD simulations in the current work used the
GROMACS (version 19.5) with the GROMACS96 43al force
field.”* Dundee PRODRG2.5 server was used to generate the
topological parameters of small molecules. The minimum
distance between any solute atoms and the edge of the periodic
box is 1.0 nm.”” The box was filled with extended single-point
charge (SPC), water molecules, and solvation system; then,

counter ions were added to neutralize the total charge of the
system. After minimizing the energy, the system was balanced
in two steps: (1) canonical ensemble (NVT, 0.2 ns) and (2)
isothermal isobaric (NPT, 0.2 ns). Finally, 100 ns MD
simulation was performed at 1 bar and 300 K,** and the atomic
coordinates were recorded in the trajectory file at every 0.1 ps
for subsequent analysis. Finally, full binding was used to
prevent the ligand from drifting in molecular dynamics, and the
Cu ions in tyrosinase were constrained. After MD simulation,
the trajectory was analyzed using GROMACS (version 19.5).

3. RESULTS AND DISCUSSION

3.1. Molecular Docking. The interactions mechanism
between tyrosinase and four small-molecule ligands was
studied by DS software. Figure 3al—dl shows the optimal
docking conformation between tyrosinase and ligands. During
the docking process, the four ligands were inserted into the
active site of tyrosinase to form a relatively stable binding
conformation 3a2—d2, and the binding energy of quercetin
with tyrosinase is —586.7 kcal/mol, myricetin is —165.3 kcal/
mol, kaempferol is —111.7 kcal/mol, and isorhamnetin is
—75.7 kecal/mol. Generally speaking, the protein lumen can
provide a strong hydrophobic environment and multiple
hydrogen-bonding sites for ligands, which contributes to the
stability of ligands. Therefore, the interactions between
tyrosinase and four small-molecule ligands were analyzed by
DS, and the results are shown in Figure 3a3—d3.

Isorhamnetin, kaempferol, myricetin, and quercetin all can
interact with tyrosinase active sites by conventional hydrogen
bonds, carbon—hydrogen bonds, Pi—Pi stacking, and Pi—alkyl
interactions. Except for the above, HIS190 and myricetin show
the effect of unfavorable bump, while Cu302 and quercetin
exhibit the effect of a metal acceptor. The binding energy
between quercetin and tyrosinase is 4—8 times higher than that
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of the other three small molecules, or it may be due to the
interactions between quercetin and Cu ions in the active center
of tyrosinase. Therefore, the inhibitory effect of quercetin on
tyrosinase is better than those of others.

3.2. MD Simulation Trajectory Analysis. Although the
interactions between tyrosinase and four small-molecule
ligands have been studied by the molecular docking method,
except quercetin, the difference between them is not
significant. Therefore, a 100 ns MD simulation method was
used to further compare the differences of the four complexes
at the molecular level. The stability and degree of the
interactions between tyrosinase and four small molecules
were further elucidated using GROMACS program. The
dynamic properties of the four complexes were then subjected
to analysis of the trajectory data obtained from the 100 ns MD
simulations. Root mean square deviation (RMSD), radius of
gyration (Rg), solvent accessible surface area (SASA), and root
mean square fluctuation (RMSF) were used to evaluate each
system in the molecular dynamics studies, and the results are
shown in Figure 4.

3.2.1. Root Mean Square Deviation. RMSD is used to
determine the average deviation between the conformation of
the complex and the original conformation at a specific time
and to evaluate whether the complex system has reached a
stable state.”> As shown in Figure 4, during the simulation, the
RMSD value of the isorhamnetin—tyrosinase complex
configuration kept increasing until it stabilized at approx-
imately 0.45 nm after 40 ns. Similarly, the RMSD value of the
kaempferol—tyrosinase and myricetin—tyrosinase complexes
finally reached an RMSD plateau at approximately 0.4 nm after
50 ns. Meanwhile, the RMSD value of the quercetin/tyrosinase
complex rapidly reached approximately 0.38 nm after 25 ns,
although the complex underwent small fluctuations during the
periods between 15 and 25 ns, it is the least volatile of the four
complexes. These results indicated that the four systems
reached a steady state at the end of the MD simulations.
Fortunately, the complex of quercetin and tyrosinase was stable
within 25 ns, and its equilibrium speed was faster. The RMSD
value was 0.3 nm. In conclusion, the four complexes are stable,
and quercetin is the most.

3.2.2. Radius of Gyration. The time evolution of the radius
of gyration (Rg) is an excellent assessment of the protein
collapse dynamics.”® The radius of gyration of the four systems
was quantified and the relationship between the radius of
gyration and the simulation time was plotted to check the
protein compactness,”” as shown in Figure 4b. The Rg of all of
the systems reached a constant value at approximately 40 ns,
indicating that MD simulation reached an equilibrium after 40
ns. The Rg values of isorhamnetin—tyrosinase, kaempferol—
tyrosinase, and myricetin—tyrosinase complexes did not
change significantly throughout the simulation and kept
fluctuating at 1.75, 1.77, and 1.8 nm, respectively, indicating
that the binding region shows little influence on their
structures. The Rg value of the quercetin—tyrosinase complex
shows a downward trend during the whole 100 ns of
simulation, while the average Rg value is 1.77 + 0.02 nm,
indicating that their structure became more compact after MD
simulation. The results show that the gyration radius of the
quercetin—tyrosinase complex is smaller than those of the
other three systems, indicating that the structural tightness of
the quercetin—tyrosinase complex was better than those of
other systems.

3.2.3. Solvent Accessible Surface Area. Theoretically,
SASA can be used as a parameter to describe the protein
solvent interactions ratio that predicts the degree of conforma-
tional changes in the binding processes and can be used to
evaluate the protein accessibility.”® During the 100 ns
simulation time, the SASA of the system changes as shown
in Figure 4c. The SASA of isorhamnetin—tyrosinase,
kaempferol—tyrosinase, and myricetin—tyrosinase fluctuated
within the range of 125—130, 115—125, and 120—130 nm,
respectively, while the SASA of quercetin—tyrosinase showed a
slightly oscillatory downward trend during MD simulation.
The SASA of quercetin—tyrosinase decreased rapidly from 130
to 110 nm, respectively, and maintained an equilibrium after
40 ns. This indicates that the combination of quercetin makes
the structure of tyrosinase more compact. The result of SASA
is consistent with that of Rg, which confirms the correctness of
MD simulation.

3.2.4. Root Mean Square Fluctuation. To assess the
mobility of local proteins, the time-averaged root mean square
fluctuation (RMSF) values of tyrosinase residues in the
absence and presence of ligands were calculated and plotted
against residue numbers at the simulation trajectory, as shown
in Figure 4d. The RMSF values of the neat tyrosinase were
generally higher than those of the four ligands, indicating that
the binding of ligands restricted the fluctuations of tyrosinase.
The results show that the fluctuation greater than 0.4 nm
corresponds to the residues far away from the ligand-binding
site. In addition, the residue contacting with the ligand is the
most stable one, and the RMSF value is low.

In addition, the RMSF of the four ligand atom positions
were calculated to check their conformational changes, as
shown in Figure 4e. The results show that the fluctuation of
four ligand atoms was limited (<0.22 nm). Therefore, it can be
concluded that the interactions between tyrosinase and the
four ligands were stable during the simulation.

4. CONCLUSIONS

In this paper, the interactions of four small-molecule ligands
with tyrosinase were studied by both molecular docking and
molecular dynamics simulation. According to the results of
molecular docking, isorhamnetin, kaempferol, myricetin, and
quercetin were bound in the cavity of tyrosinase. The affinity of
tyrosinase to sea buckthorn ligands can be in the order
quercetin > myricetin > kaempferol > isorhamnetin. Hydro-
phobicity, hydrogen bond, and Pi—Pi stacking interactions
played major roles in the stability of tyrosinase—ligand
complexes. Quercetin was found to be the strongest ligand
to tyrosinase, which could be ascribed to the additional
nonbonding force between quercetin and Cu ions of
tyrosinase. Molecular dynamics simulation shows that
tyrosinase—ligand complexes were stable within 50 ns. Since
small molecules interact with two copper ions of tyrosinase,
better inhibitors could be artificially designed in the future. It
can be clearly seen that both Rg and SASA values of the
quercetin—tyrosinase complex are smaller than those of the
other three systems, which indicates that the binding energy of
the quercetin—tyrosinase complex is the lowest in the
molecular docking results. In addition, the atom fluctuation
curve shows that the interactions between tyrosinase and four
ligands are stable within the simulation time. The results of
molecular dynamics simulation are consistent with those of
molecular docking, which further proves the accuracy of
docking results.
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