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Abstract

Phenolics, abundant in plants, constitute a significant portion of phytoconstituents
consumed in the human diet. The phytochemical screening of the aerial parts of
Centaurium spicatum led to the isolation of five phenolics. The anti-tyrosinase activities
of isolated compounds were assessed through a combination of in vitro experiments and
multiple in silico approaches. Docking and molecular dynamics (MD) simulation
techniques were utilized to figure out the binding interactions of isolated phytochemicals
with tyrosinase. The findings from molecular docking analysis revealed that isolated
phenolics were able to bind effectively to tyrosinase and potentially inhibit substrate
binding, consequently diminishing the catalytic activity of tyrosinase. Among isolated
compounds, cichoric acid displayed the lowest binding affinity and the highest extent of
polar interactions with the target enzyme. Analysis of MD simulation trajectories indicated
that equilibrium was reached within 30 ns for all complexes of tyrosinase with the isolated
phenolics. Among the five ligands studied, cichoric acid exhibited the lowest interaction
energies, rendering its complex with tyrosinase the most stable. Considering these
collective findings, cichoric acid emerges as a promising candidate for the design and
development of a potential tyrosinase inhibitor. Furthermore, the in vitro anti-tyrosinase
activity assay unveiled significant variations among the isolated compounds. Notably,
cichoric acid exhibited the most potent inhibitory effect, as evidenced by the lowest 1Cso
value (7.92 £ 1.32 pug/ml), followed by isorhamnetin and gentiopicrin. In contrast, sinapic
acid demonstrated the least inhibitory activity against tyrosinase, with the highest 1Cso
value. Moreover, cichoric acid exhibited a mixed inhibition mode against the hydrolysis of

L-DOPA catalyzed by tyrosinase, with K; value of 1.64. Remarkably, these experimental



findings align well with the outcomes of docking and MD simulations, underscoring the
consistency and reliability of our computational predictions with the actual inhibitory

potential observed in vitro.
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Phenolic compounds.
1. Introduction

Tyrosinase, a copper-containing enzyme, plays a pivotal role in melanin biosynthesis and
its implications in various physiological pathways, such as skin pigmentation, wound
healing, and immune responses to pathogens [1]. The intricate structure of tyrosinase
enables precise tyrosine recognition and binding, and the catalytic activity drives the
conversion of tyrosine into melanin, essential for skin pigmentation and protection [2].
Tyrosinase is responsible for synthesizing melanin, a pigment that serves to shield the skin
from ultraviolet radiation [3]. Nonetheless, dysregulation of tyrosinase activity and
excessive melanin production and deposition can lead to conditions such as
hyperpigmentation and skin melanoma [3]. Consequently, tyrosinase inhibitors are
frequently employed in many fields such as dermatology, cosmetics, and pharmaceuticals
because of their efficacy in regulating skin-related conditions such as hyperpigmentation
[4]. Natural tyrosinase inhibitors are often preferred over their synthetic counterparts due
to the potential adverse effects associated with the latter, such as skin irritation, allergic

reactions, and other undesirable responses [5].

Centaurium spicatum (C. spicatum), a member of the Gentianaceae family, is known for

its high extent of chemical constituents and diverse pharmacological applications [6]. C.
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spicatum contains a plethora of bioactive secondary metabolites, including iridoids,
flavonoids, phenolic acids, and terpenoids, among others [6]. These bioactive
phytoconstituents contribute significantly to the various biological activities of this species,
including antioxidant, anti-inflammatory, antimicrobial, antidiabetic, and hepatoprotective
activities [6-9]. Moreover, C. spicatum has been traditionally employed in folk medicine
for the therapeutic remedies of digestive upset, liver diseases, fever, and wounds [10].
Thus, the diverse chemical constituents found in C. spicatum highlight its extensive range
of biological activities and indicate its significance as a valuable reservoir of natural

remedies and therapeutic agents.

The integration of computational tools such as docking and molecular dynamics (MD)
simulations has gained significant attention in the realm of drug discovery and
development, offering substantial outcomes [11]. Molecular docking provides valuable
insights for the foretelling of the binding affinities and orientation of drugs in the binding
pocket of target proteins and enzymes [12]. The outcomes of molecular docking analyses
offer valuable information for the drug-protein interactions [13]. On the other hand, MD is
an important technique for exploring the temporal evolution and stability of protein-ligand
complexes, thereby yielding key insights into structural and functional dynamics [14]. This
computational tool allows for a deep figuring out of the dynamic profile and resilience of
these complexes, leading to a comprehensive exploration of their complex attribute [15].
In this study, we adopted a combination of both in silico and in vitro approaches to study
the efficacy of phenolic compounds isolated from C. spicatum as inhibitors of tyrosinase.
Through docking virtual screening, we aimed to forecast binding modes and free energies

of the isolated phenolics to the active site of tyrosinase. Additionally, the dynamic behavior



of various isolated phenolics-tyrosinase complexes was extensively assessed by MD
simulations. The inhibitory activity of the isolated phytoconstituents against tyrosinase was
validated by in vitro anti-tyrosinase activity experiments. Thus, by integrating theoretical
predictions and experimental findings, this work provides intensive perspectives into
tyrosinase inhibitory potential C. spicatum phenolics. The outcomes of this study are
anticipated to significantly contribute to the development of novel melanogenesis

inhibitors, potentially applicable in diverse fields.

2. Results and discussion

2.1. Phytochemical investigation

The ethyl acetate soluble fraction of C. spicatum ethanolic extract was subjected to
successive chromatographic fractionations on different stationary phases. These
chromatographic processes led to the isolation of five phenolic compounds isolated for the
first time from this species. The chemical structures of isolated phenolics were elucidated
based on data obtained from spectroscopic analyses, TLC comparisons with authentic
markers, and data comparisons with those previously reported. Thus, EAFCS-isolated
phytoconstituents (Figure 1) were identified as isorhamnetin (1) [16], cichoric acid (2) [17],

chlorogenic acid (3) [18], gentiopicrin (4) [19], and sinapic acid (5) [20].

2.2. Molecular docking analysis

Molecular docking calculations of EAFCS-isolated phenolics were executed using
AutoDock Vina with the aim of figuring out the binding profile of these phytochemicals

with tyrosinase. Table 1 presents the results obtained from molecular docking calculations,



encompassing binding energies, polar interactions, and residues involved in hydrophobic
interactions. After numerous iterations considering both binding energies and ligand
positioning within the active site of tyrosinase, the energetically favorable docking pose
for each compound-enzyme complex was determined. Figures 2-5 illustrate the docking
analysis results, depicting the arrangement of various tested phenolics within the active site
of the target enzyme. Additionally, these figures highlight the residues involved in polar
and hydrophobic interactions with the phytochemicals under investigation. The obtained
low binding affinities of isolated phenolics are indicative of the activity of these

compounds against the target enzyme.

The outcomes of our docking analysis revealed the successful docking of isolated
compounds within the binding site of the target enzyme. Among these compounds, cichoric
acid demonstrated the lowest binding affinity (-9.9 kcal/mol), followed by isorhamnetin (-
9.3 kcal/mol), gentiopicrin (-9.0 kcal/mol), and chlorogenic acid (-8.1 kcal/mol), while
sinapic acid exhibited the highest binding energy (-7.2 kcal/mol). Interestingly, cichoric
acid displayed a binding profile identical to that of the standard drug tropolone, as shown
in Figure 2. Furthermore, cichoric acid exhibited the highest extent of polar interactions
with the target enzyme, forming seven polar bonds, followed by gentiopicrin and
chlorogenic acid (six and five polar bonds, respectively). In contrast, isorhamnetin and
sinapic displayed a more hydrophobic nature in their binding pathway with the enzyme
rather than interacting as polar drugs. This inference is attributed to the existence of only
one polar bond and a dense network of hydrophobic interacting residues in the potential
binding mechanism of these compounds. Additionally, chlorogenic acid revealed a similar

binding profile to the results of the docking run of the standard drug kojic acid (Fig. 5),



suggesting its potency as a tyrosinase inhibitor. The results of our molecular docking
analysis depicted the variation in residues included in polar interaction with different
substrates, indicating a potent inhibitory mechanism for various drugs. Also, the majority
of residues involved in the binding profile of these complexes are previously reported as
significant key interacting residues in this biologically catalyzed biotransformation [21,
22]. Thus, the results of docking assessments revealed the tyrosinase inhibitory activity of

EAFCS-isolated phenolics.

2.3. Molecular dynamics simulations

MD simulation serves as a crucial methodology for comprehensively elucidating the
conformational dynamics and molecular behaviors at the atomic scale, as well as
unraveling the movement and mechanisms occurring at the molecular level [23, 24]. To
explore the compatibility of EAFCS-isolated compounds with the active site of tyrosinase,
we executed 30 ns MD simulations to the complex with the lowest binding free energy of
each drug using the GROMACS package. A thorough analysis of the 30 ns MD trajectories
was conducted, with particular attention directed towards key parameters including root
mean square deviations (RMSD), root mean square fluctuations (RMSF), radius of gyration
(Rg), solvent accessible surface area (SASA), interaction energies, and hydrogen bonding

patterns, for both unbound tyrosinase and the isolated phenolics-tyrosinase complexes.

Analysis of RMSD offers insights into the structural alterations occurring within the
molecule throughout MD simulations. The RMSD plot delineates these structural
modifications relative to their initial state at 0 ns through the simulation's culmination at

30 ns. As depicted in Figure 6A, during the initial 7ns of the equilibration phase, the RMSD



values of the free enzyme and the complexes of cichoric acid, chlorogenic acid, and
gentiopicrin exhibited a fluctuating trend. Subsequently, these RMSD profiles reached
equilibrium and sustained within the range of approximately 0.10 to 0.16 nm until the
simulation's conclusion. The average RMSD values of unbound tyrosinase and the
tyrosinase complexes with cichoric acid, chlorogenic acid, and gentiopicrin are 0.123 nm,
0.124,0.12, and 0.134 nm, respectively. On the other hand, the complex of the isorhamnetin
RMSD profile revealed an upward trend through the first 20 ns of the simulation time. The
average RMSD value of the isorhamnetin complex is 0.135 nm, with a high fluctuation
pattern within the range of 0.1 to 0.18 nm. The sinapic acid-tyrosinase complex displayed
an unexpected RMSD behavior, where the RMSD values reached equilibrium after 7 ns
similar to other phenolics, and fluctuated normally within the range of 0.10 to 0.16 nm
during the first 25 ns of the simulation span. Then, contrary to other drugs an upward spike
was detected after 25 ns. The average RMSD value of the equilibrated portion of the sinapic
acid-tyrosinase complex is 0.136 nm. Hence, the results of RMSD analysis of isolated
compounds against tyrosinase depicted standard stable trajectories for the tested

compounds with a degree of variations in energy-minimized equilibration.

Additionally, the RMSD analysis of ligands (Fig. 6B) revealed a high variation profile for
the RMSD values of different phenolics. The highest RMSD was detected for cichoric acid
with an average RMSD value of 0.272 nm, followed by the RMSD of chlorogenic acid
0.162 nm. The lowest ligand RMSD pattern was estimated for isorhamnetin with an
average of 0.046 nm, meanwhile, the average RMSD values of gentiopicrin and sinapic
acid are 0.056 and 0.076 nm, respectively. Although a great variation in RMSD values of

different ligands was observed, the RMSD profile of all tested compounds seemed to be



equilibrated and fluctuated normally within the standard range. The higher RMSD values
of cichoric acid may suggest its capability to exhibit a specific deviation from the original
conformation to fit the enzyme active site. The lower RMSD values of gentiopicrin, sinapic
acid, and isorhamnetin suggest that the complexes formed are stable and a small deviation

for the ligand’s conformation is required for occupying the active site of the enzyme.

Subsequently, we calculated the time-averaged RMSF values for both unbound tyrosinase
residues and tyrosinase complexes with isolated phenolics, aiming to evaluate the local
protein mobility, as illustrated in Figure 7A. The resulting plot was generated depicting the
RMSF values against the residue number throughout a 30 ns trajectory. The RMSF profile
generated revealed fluctuations within the catalytic site of tyrosinase, covering a span of
approximately 0.03 to 0.44 nm for all systems. Notably, the RMSF value of unbound
tyrosinase is lower than those of isolated phenolics-tyrosinase complexes, suggesting that
binding of the tested drugs results in stabilization or rustication of the mobility of certain
regions within the target enzyme. This stabilization might point out the fact that the isolated
phenolics interact with specific residues in the active site, enabling flexibility or
fluctuations minimization in the interaction areas. Furthermore, no significant fluctuations
were observed at the binding site within the isolated compounds-tyrosinase complexes
when compared to the unbound enzyme. Therefore, the data obtained unequivocally
corroborate the inference that residues located within the primary binding site experience
negligible fluctuations concerning drugs, indicating that the structural integrity of the
various drug binding sites remains predominantly stable throughout the 30 ns MD

simulations.



The nature of tested phenolics binding within the active site of tyrosinase was investigated
by analyzing the hydrogen bonding profile of various complexes throughout the 30 ns MD
simulation, as represented in Figure 7B. The results of hydrogen bond monitoring revealed
the intensive existence of hydrogen bonding. This outcome is in line with the results of
molecular docking analysis. A total of up to seven polar bonds of variable intensities were
detected in various studied complexes. The high extent of polar interaction suggests the

compatibility of studies phenolics to the active site of tyrosinase.

Temporal fluctuations in the Rg values offer valuable insights into the dynamics of protein
folding. These Rg values serve to elucidate the compactness of the enzyme under scrutiny,
reflecting its folding and unfolding dynamics over the course of 30 ns molecular dynamics
simulations, in accordance with thermodynamic principles [23]. Figure 8A illustrates the
computed Rg values for unbound tyrosinase and the studied drugs-tyrosinase complexes
over time. Evidently, systems demonstrated stable values around 7 ns, suggesting that
tyrosinase and studied complexes reached equilibrium approximately at the 7.5 ns mark of
the simulation. Interestingly, the Rg values of unbound tyrosinase are lower than those of
complexed counterparts, indicating that the binding of various substrates might cause
enzyme compactness or constraining. This could suggest that the binding with isolated
phenolics results in reducing the net size or flexibility of tyrosinase, possibly because
ligands result in energy minimization in specific regions of inducing conformational
alterations that turn tyrosinase into a more compact state. These observations align with
previous MD investigations on tyrosinase, suggesting that drug binding diminishes protein

compaction and augments its structural compactness [23].
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SASA often serves as a metric for quantifying the balance between enzyme-solvent
interactions, offering insights into potential conformational changes during the binding
process and evaluating protein accessibility [25]. The alterations in SASA for all examined
systems throughout the 30 ns MD simulation are shown in Figure 8B. Obviously, the SASA
values of free tyrosinase are lower than those of isolated phenolics complexed tyrosinase,
suggesting that the binding of phenolics may result in minimizing the overall accessibility
of tyrosinase to the surrounding solvent molecules. This could point out the conformational
changes induced by different drugs in the active site of the enzyme, enabling a more
compact or constrained enzyme structure, and potentially procuring amended protein
dynamics or activity. Remarkably, the contrasting trends observed in SASA between free
tyrosinase and tyrosinase-ligand complexes mirror the changes observed in Rg values. This
consistency affirms the reliability and validity of the results obtained from our MD
calculations.

Figure 9 illustrates the Coulomb (Coul) and Lennard-Jones (LJ) interaction energies,
derived from GROMACS, between tyrosinase and isolated phenolics throughout the
simulation. These energies, extracted from the MD simulation trajectory files, represent
short-range (SR) energy interactions. The Coul-SR energy serves as a reliable indicator of
the equilibrium state of the drug-enzyme complex throughout the duration of the MD
simulation. Also, the values of Coul-SR are considered to be the driving force for the
interaction between the target enzyme and the investigated drugs. Table 2 represents the
average Gromacs Coul-SR and LJ-SR interaction energies of isolated phenolics-tyrosinase
complexes. As shown in Figure 9A, no deviations from the normal fluctuations were

detected in the Coul-SR Gromacs energy profile. The interaction of cichoric acid with
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tyrosinase displayed the lowest Coul-SR interaction energy, averaging -185.849 + 4.6
kJ/mol (Table 2). This interaction reached equilibrium at approximately 14 ns, after which
it fluctuated within the range of approximately -130 to -300 kJ/mol. Interestingly,
isorhamnetin displayed a cichoric acid-comparable Coul-SR energy value (-111.429 + 4.4
kJ/mol) (Table 2). Similar interaction energy patterns were observed for the remaining
drugs, albeit with higher interaction energy values. Overall, the Coul-SR interaction energy
fluctuations of all tested drugs ranged from 0 to -300 kJ/mol. The more negative the

interaction energy values the greater the stability of the complex formed.

On the other hand, the LJ-SR energies were considered reasonable indicators for
anticipating binding interactions. Similarly, cichoric acid and isorhamnetin displayed the
lowest LJ-SR interaction energy patterns, confirming the potency of these compounds as a
tyrosinase inhibitors, as represented in Figure 9B. The average LJ-SR values for cichoric
acid and isorhamnetin complexes are -161.612 + 3.8 kJ/mol and-142.109 + 2.4,
respectively, and it maintains equilibrium after about 14 ns (Table 2). With the exception
of chlorogenic acid, all isolated phenolics exhibited typical fluctuation patterns in their LJ-
SR energies, fluctuating within the range of approximately -70 to -200 kJ/mol. The highly
fluctuating chlorogenic acid LJ-SR profile suggests dynamic and transient interactions
between tyrosinase and chlorogenic acid. Additionally, this elevated fluctuation suggests
that the formed complex is continuously subjected to conformational adjustment and
orientation, possibly reflecting the dynamic favorable binding and drug unbinding from the

active site along the course of the simulation.

Thus, the lower Coul-SR than their LJ-SR counterparts suggests a weaker electrostatic

interaction than the van der Waals interactions among various complex constituting atoms.
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This outcome leads to the conclusion that some of the formed complexes are stabilized by
hydrophobic interactions such as dispersion forces rather than by electrostatic interactions.
In addition, the normal fluctuation and more negative Coul-SR and LJ-SR values suggest
relatively balanced and stable isolated phenolics-tyrosinase interactions. Consequently, the
complexes are kinetically and energetically favored, excluding neither weak nor strong
dominating interactions. Also, minor conformational adjustments and fluctuation around
the thermodynamically favorable state were predicted for various complexes, indicating a

stable and dynamically balanced binding mode.

2.4. In vitro tyrosinase inhibition

The activities of the isolated phenolics as anti-tyrosinase inhibitors were evaluated using
an in vitro tyrosinase inhibition assay (Figure 10). Among the tested compounds, cichoric
acid exhibited the lowest 1Cso value, indicating its potent inhibitory effect against
tyrosinase. Following cichoric acid, isorhamnetin displayed a moderately low 1Csq value,
suggesting its significant inhibitory activity against the enzyme. Gentiopicrin showed a
slightly higher 1Cso value followed by chlorogenic acid, while sinapic acid exhibited the
highest 1Cso value among the tested compounds. These experimental findings align with
the results obtained from docking and MD simulations. Specifically, cichoric acid and
isorhamnetin demonstrated the lowest docking binding affinity values and Gromacs
interaction energy values, further corroborating their potency as tyrosinase inhibitors. The
agreement between the results of the in vitro tyrosinase inhibition assay and our
computational methods conducted in silico provides strong validation for our
computational approaches. Overall, our results collectively indicate that cichoric acid and

isorhamnetin hold promise as effective agents for inhibiting tyrosinase activity, offering
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potential therapeutic applications in conditions associated with aberrant melanin

production.

Due to their notable activity among tested compounds, as indicated by its lowest ICso
value and high inhibition rate, cichoric acid was singled out for further scrutiny regarding
its enzyme Kinetics. It displayed a pronounced inhibitory effect against tyrosinase in vitro,
effectively diminishing enzyme activity even at relatively low concentrations as depicted
in Figure 11. The concentration-dependent response signifies a correlation between the
inhibitor concentration and the degree of enzymatic inhibition, indicating a
concentration-dependent relationship. Lineweaver—Burk analysis revealed that cichoric
acid effectively inhibited tyrosinase-mediated L-DOPA hydrolysis through a mixed
inhibition mechanism (Fig. 11B), and the calculated inhibition constant (K;) value was
1.64 uM. These findings advocate for further exploration of the potential efficacy of

cichoric acid as a tyrosinase inhibitor for therapeutic purposes.3. Conclusion

The results of chromatographic fractionation of EAFCS afforded five known phenolics
reported for the first time from this species. The activities of the isolated phytochemicals
as tyrosinase inhibitors were assessed by a combination of both in vitro and in silico
approaches. Based on the results of molecular docking analysis, the isolated compounds
were shown to dock into the main binding site of tyrosinase. Cichoric acid displayed the
lowest binding affinity and the highest number of polar interactions with residues in the
active site of tyrosinase, suggesting its superior activity against tyrosinase. Compounds 1
and 5 displayed a more hydrophobic nature in their binding pathways, with compound 4
showing intermediate characteristics. These findings suggest a potent inhibitory

mechanism for the various drugs, with residues involved in the binding profile of these
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complexes aligning with previously reported key interacting residues in tyrosinase
catalysis. In addition, we utilized MD simulations to investigate the compatibility of
phenolics isolated from C. spicatum with the active site of tyrosinase. Through 30 ns MD
simulations, we analyzed various parameters including RMSD, RMSF, Rg, SASA,
interaction energies, and hydrogen bonding profiles. Our analysis revealed stable
trajectories for the tested compounds, with a degree of energy-minimized equilibration
observed for cichoric acid. Additionally, the hydrogen bonding profiles suggested strong
interactions between the phenolics and the active site of tyrosinase. The calculated time-
averaged RMSF values indicated that the binding of the phenolics stabilized the mobility
of certain regions within the enzyme. Furthermore, the analysis of Rg and SASA values
showed that the binding of phenolics reduced the flexibility and accessibility of tyrosinase,
supporting the stability of the drug-enzyme complexes. Finally, the examination of Coul-
SR and LJ-SR energies revealed a balanced and stable interaction between the phenolics
and tyrosinase, predominantly stabilized by hydrophobic interactions, with the minimum
interaction energies in both cases for cichoric acid. The results of in vitro tyrosinase
inhibition assay displayed the lowest ICso value for cichoric acid, confirming its potency
as a tyrosinase inhibitor. Moreover, cichoric acid demonstrated a mixed inhibition mode
against tyrosinase-mediated .-DOPA hydrolysis. The congruence between the outcomes of
the in vitro tyrosinase inhibition assay and our in-silico methodologies serves as a robust
validation of our computational approaches. Overall, these findings provide valuable
insights into the mechanism of action of phenolics from C. spicatum as tyrosinase
inhibitors, laying the groundwork for further development of novel melanogenesis

inhibitors with potential therapeutic applications.

15



4. Materials and Methods

4.1. General

Nuclear magnetic resonance (NMR) spectra of the isolated compounds were acquired using
a Bruker AM-500 spectrometer operating at 500 MHz for *H NMR and 100 MHz for 3C
NMR. The optical rotation was determined using a Rudolph Autopol 111 polarimeter. UV
spectra were recorded using a Shimadzu UV-Vis 160i spectrophotometer. High-resolution
electron ionization mass spectrometry (HREIMS) and electron ionization mass
spectrometry (EIMS) analyses were conducted using a Finnigan MAT TSQ 700 mass
spectrometer. Fourier-transform infrared (FTIR) spectra were obtained using a Shimadzu

FTIR-8400 instrument with potassium bromide (KBr) pellets.
4.2. Plant collection, extraction, and isolation of phytochemicals

The aerial parts of C. spicatum were collected from the western desert area close to Beni-
Suef governorate in May 2022. Identification of the plant was performed by taxonomists
from the Botany Department at Beni-Suef University. The collected plant was air-dried and
grounded, and 4 kg was extracted with 70% ethanol by cold maceration. Then, the
extraction solvent was removed under reduced pressure to afford a sticky mass of the crude
extract weighing 267 g. A solvent-solvent partition process was applied to the crude extract
employing ethyl acetate, n-butanol, and n-hexane as partitioning solvents. Based on the
TLC profile, ethyl acetate fraction (EAFCS) was selected for further chromatographic
investigation for the phytochemicals. An amount of 25 g of dried ethyl acetate fraction,
after solvent removal in vacuo, was subjected to fractionation over a silica gel column (100

x 3.5 cm, 0.75 kg) eluted with dichloromethane: methanol solvent system (10:0 to 0:10).
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UV light was utilized to facilitate the fractionation process by monitoring the migration of
bands along the column. A total of 12 fractions were collected and subsequently pooled
into three fractions (designated as E1-E3) based on their TLC behavior. Fraction E1 was
further chromatographed over a silica gel column (50 x 2 cm) eluted with a hexane/ethyl
acetate solvent system of increasing polarity as an eluent to afford 9 subfractions (S1-S9).
Subfractions S3-S7 were combined because of their similar TLC profile and further
chromatographed over Sephadex LH-20 column using methanol as an eluent to give the
purified compounds 3 (17 mg) and 5 (21 mg). Fraction E2 was placed on the top of a
polyamide 6s column (30 x 1.5 cm) using methanol as an eluent. The effluent from the
column was consolidated into 7 subfractions (T1-T7) based on the TLC profile. The
purified compounds 2 (16 mg) and 4 (19 mg) were obtained from further fractionation of
the combined subfraction T2-T5 on the Sephadex LH-20 column using methanol as an
eluent. Chromatographic fractionation of Fraction 3 on silica gel column (50 x 2 cm) eluted
with ethyl acetate/dichloromethane system of increasing polarity afforded main four
subfractions (Z1-Z4). The major subfraction Z2 was subjected to purification over the

Sephadex LH-20 column using methanol to produce compound 1 (23 mg).
4.3. Molecular docking

The binding energies of EAFCS-isolated phenolics with the crystal structure of tyrosinase
were calculated using AutoDock Vina and Autodock Tools (ADT) v1.5.6 software package
[26]. The initial structures of EAFCS-derived phytochemicals were geometrically
optimized at the B3LYP level [27-29] with the 6-311G (d, p) basis set [30] using the
Gaussian 16 software package [31]. The three-dimensional crystalline configuration of

human tyrosinase was procured from the Protein Data Bank under the identification code
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5M8Q. The molecular docking procedure and steps were implemented as we previously

reported [25, 32, 33].

4.4. Molecular dynamics simulations

The MD simulations commenced with the utilization of the PDB file representing the
EAFCS-isolated phytochemicals-tyrosinase complexes featuring the lowest binding
energy, which was identified through molecular docking analysis. These simulations,
spanning 30 ns, encompassed both tyrosinase in an agueous environment and the isolated
phenolics-tyrosinase complexes, and were conducted using the GROMACS 2022.4
software package [34-36]. The all-atom MD runs for unbound tyrosinase and the isolated
compound-tyrosinase complexes employed the structure-balanced CHARMM36m force
field [37]. Topology and geometric parameters for studied phytoconstituents were

generated utilizing CGenFF (https://cgenff.umaryland.edu/). Enclosed within a

dodecahedron box under periodic boundary conditions, both the complexes and enzyme
occupied a new box volume of 515.79 nm?3. Solvation was achieved using the CHARMM-
modified TIP3P water model [38], and electro-neutrality was maintained by introducing 12
sodium counter-ions. To mitigate unfavorable thermodynamic interactions, the steepest
descent energy minimization technique was applied for 10 picoseconds (ps) [34].
Following this, both systems underwent two stages of equilibration at 300 K for 100 ps
each, utilizing NVT and NPT ensembles [39]. Subsequently, MD simulations were
conducted throughout 30 ns at a temperature of 300 K and pressure of 1 bar, following a
protocol established in previous studies [23, 40, 41].

4.5. In vitro tyrosinase inhibition assay
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https://cgenff.umaryland.edu/).

The inhibitory activity of the isolated compounds against tyrosinase was determined using
the modified dopachrome method as described by Masuda et al [42] and Alam et al [43].
The sample (compounds 1-5 and kojic acid (Sigma, USA) dissolved in DMSQO) was mixed
with the same volume of mushroom tyrosinase (31 U/ml; Sigma, USA) and .-DOPA (2.5
mM; Sigma, USA) and double volume of 50 mM phosphate buffer (pH 6.8). The mixture
was incubated at 37°C for 10 min followed by measurement of the absorbance at 475 nm.
The experiment was conducted in triplicate. The inhibition kinetics of cichoric acid on
tyrosinase were analyzed using Lineweaver-Burk plots. K; value was derived from
secondary plots depicting the apparent Km/VVmax or 1/VVmax versus the concentrations of
the inhibitor. The value was calculated by the nonlinear regression assessments of

GraphPad Prism 9.0 software (San Diego, CA, USA).
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Tables:

Table 1. Results of molecular docking

analysis of EAFCS-isolated phenolics against

tyrosinase.
Compounds B'Qﬁlcg?/gjgl?'ty Pola:(;sr}gel:’ssctmg Hydrophobic interacting residues
Serl06, Cysl113, Argll4, Proll5,
Gly116, Arg118, Val126, Tyr226,
1 9.3 Trpll7 Leu229, Lys233, Arg230, and
Pro445
gg’rslloog' g:ﬁg; Phe105, Thrll2, Argll4, Prolis,
2 -9.9 ' "] Nel28, Leu229, Glu232, Lys233,
Glyll6, —  Ty1226, | 5 0145 and Metds?
Arg230, and GIn236 ’
Val196, Val21l, | His192, Gly209, His215, Glu216,
3 -8.1 Asp212, Gly389, and | His377, His381, Leu382, GIn390,
Ser394 and Val391
Arglla,  GIy116, | 1195 pro11s, Vall2e, llel2s,
4 9.0 Tmil7,  AGLS, | 50536, GIu137, and Glu24l
Lys233, and Pro242 ' '
Proll5, Gly116, Trpll7, Vall26,
5 -7.2 Tyr226 Leu229, Arg230, Lys233, Glu232,
Leu460, and Tyr462
Phe362, His215, Val391, His192,
Kojic acid -5.8 Asn378, and Ser394 | GIn390, His381, Gly388, and
Gly389
Tropolone 6.1 Serl06, Cys113, and | Proll5, Tyr226, Leu229, and
' Arg230 Lys233
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Table 2. Gromacs average Coul-SR and LJ-SR interaction energies of isolated phenolics-

tyrosinase complexes.

Average Coul-SR

Average LJ-SR interaction

interaction energy (kJ/mol) energy (kJ/mol)
Isorhamnetin-tyrosinase -111.429+ 4.4 -142.109+ 2.4
Cichoric acid-tyrosinase -185.849 + 4.6 -161.612 + 3.8
Chlorogenic acid- 150.836 + 5.7 1109.587+ 6.1
tyrosinase
Gentiopicrin-tyrosinase -78.455 £ 7.2 -107.335+ 7.3
Sinapic acid-tyrosinase -47.782 £5.1 -108.275+ 1.4
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Figures:
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Figure 1. Structures of EAFCS-isolated compounds.
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Figure 2. Binding site interactions of cichoric acid (A) and tropolone (B) with tyrosinase.
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Figure 3. Binding site interactions of isorhamnetin (A) and chlorogenic acid (B) with
tyrosinase.
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Figure 4. Binding site interactions of gentiopicrin (A) and sinapic acid (B) with tyrosinase.
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Figure 6. MD simulation (30 ns) analysis of tyrosinase and various EAFCS-isolated
phenolics-tyrosinase complexes; (A) Backbone RMSD of the unbound tyrosinase and
isolated compounds-tyrosinase complexes and (B) RMSD of isolated drugs.

33



04

Number

0.5

RMS fluctuation

T | T [ T
=mmm Tyrosinase
mmmm Cichoric acid 7
=== Chlorogenic acid
= [sorhamnetin
Gentiopicrin
m=m Sinapic acid

0 \ | | \ |
100 200 300 400
Residue
Hydrogen Bonds
8 T T ‘ T | T T
mmmm Cichoric acid
- wesss Chlorogenic acid .
= [sorhamnetin
6 Gentiopicrin

A~

W

\ H V |

i

]

mem Sinapic acid

W

W“l‘”h

Tlme (ns)

i

1) \ Il

Figure 7. MD simulation (30 ns) analysis of tyrosinase and isolated phytochemicals
complexes with tyrosinase; (A) Backbone RMSF per residue number for the free enzyme

and the various drug-enzyme complexes and (B) Hydrogen bonding profile of isolated
compounds-tyrosinase complexes.
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the enzyme amino acid residues with isolated phenolics.
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Figure 10. Tyrosinase inhibitory activity of (A) kojic acid, (B) cichoric acid, (C)
isorhamnetin, (D) gentiopicrin, (E) sinapic acid, and (F) chlorogenic acid. (G) 1Cso values

of the inhibitory activity of the tested compounds. Data are mean + SD, N = 3.
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Figure 11. (A) Inhibitory effects cichoric acid on tyrosinase, (B) Lineweaver-Burk plot,

and (C) plot of the slope versus concentrations of cichoric acid.
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