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A B S T R A C T

The flower buds of Sophora japonica L. (FBSJ) have long been applied as Traditional Chinese 
Medicine (TCM) and functional food in East Asia. In this study, extracts of FBSJ from 11 different 
locations were analyzed using the HPLC method to establish their HPLC fingerprints. By deter-
mining the IC50 on tyrosinase activity, it was discovered that the extract from Kunming, Yunnan 
Province exhibited the strongest inhibitory activity. Further analysis, including partial least 
squares regression coefficient analysis and grey correlation analysis, regarded kaempferol, iso-
rhamnetin, and quercetin as the compounds with significant tyrosinase inhibitory activities. To 
understand the inhibition mechanism of tyrosinase activity, various analytical techniques such as 
enzymatic kinetic analysis, fluorescence quenching, circular dichroism (CD), molecular docking, 
and molecular dynamics simulation were employed. The results revealed that quercetin, iso-
rhamnetin, and kaempferol exhibited higher inhibitory activity and binding energy compared 
with kojic acid, indicating their potential value as natural tyrosinase inhibitors. This research 
provides a solid theoretical foundation for studying the application and mechanism of flavonoids 
against tyrosinase in FBSJ.

1. Introduction

Tyrosinase (TYR) serves as a crucial enzyme in melanin synthesis, acting to catalyze tyrosine monophenol and form intermediate 
products like L-dopa o-diphenol and others [1,2]. Excessive TYR activity has been linked to various pigmentation disorders and the 
darkening of many foods, and may also plays a role in neurodegeneration associated with Parkinson’s disease [3], prompting extensive 
research into inhibitors of this enzyme. In previous studies, synthetic additives have been used to inhibit enzymatic browning. 
However, with the increase in consumer health and safety requirements, inhibitors from natural products are beginning to receive 
extensive attention from researchers [4,5].

Flavonoids, commonly present in plants, comprise a vast group of over 9000 types of compounds with the diphenyl chromone 
structure primarily binding to sugar to create glycosides, which have a beneficial impact on health [6–9]. Research has demonstrated 
the protective properties of flavonoids, such as antioxidative and anti-inflammatory effects, as well as cardiovascular healing, 
anti-obesity, anti-diabetic effects, and more [10–14]. The attention of researchers has recently focused on flavonoids due to their 
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non-toxic nature towards tyrosinase, with studies highlighting their efficacy as potential skin whitening agents by inhibiting the 
tyrosinase enzyme and regulating melanin production [15–17].

Flower buds from Sophora japonica L. (FBSJ), commonly used in East Asia as a traditional medicine and functional food, contain 
various flavonoids like rutin, quercetin, kaempferol, isorhamnetin, narcissoside, nicotiflorin, and genistein [18–21]. The high rutin 
content, reaching up to 22 % in FBSJ, has led to the cultivation of the plant for rutin extraction purposes [22,23], as potential 
tyrosinase inhibitors.

However, the analysis of flavonoids in certain plants has revealed both activating and inhibitory effects on tyrosinase, but the 
identification of compounds with potent tyrosinase inhibitory properties among numerous flavonoids remains a labor-intensive 
process [24–30]. Fingerprint spectra are a widely recognized method used globally for assessing the quality of Traditional Chinese 
Medicine (TCM). They can uncover the material foundation of TCM’s therapeutic benefits. Additionally, research on the relationship 
between spectra and effects has been conducted across various fields, origins, harvest times, processing methods, extraction methods, 
and TCM batches [31–34]. Consequently, an analysis of the HPLC fingerprint was performed, along with an examination of the 
correlation between common peaks and tyrosinase inhibitory activity to predict the target compounds [35,36].

By evaluating the correlation between fingerprints and the inhibition activity of different extractions, significant components 
affecting enzyme activity were identified. The inhibitory mechanism was further investigated through enzyme kinetic analysis, cir-
cular dichroism (CD), fluorescence quenching, molecular dynamic simulation, and molecular docking. This comprehensive approach 
aids in uncovering the role of key groups in enzymatic actions, along with comparing the activities of substances with similar structures 
[37–40].

2. Material and methods

2.1. Materials and instruments

FBSJ of Kaifeng was collected in compus of Henan University in August. FBSJ of other areas werebrought from local places 
(Table 1). FBSJ was sievedthrough a 200 mesh screen to control the particle size. Tyrosinase was purchased from Bomei Biochemical 
Co. (Hefei, Anhui Province) and Kuerhuaxue Co. (Hefei, Anhui Province). Rutin, Quercetin, kaempferol, isorhamnetin, genistein, and 
narcissoside were purchased from Chengdu PureChem-Standard Co. Methanol was chromatographically reagent grade. All other 
chemicals used in this study were of analytical reagent grade. Acarbose Tablets were purchased from Bayerhealthcare Co.

Waters HPLC (Milford, Massachusetts, USA) equipped with a Waters 1515 pump, a Waters 2707 autosampler, and a Waters UV 
detector 2489. Multiskan SkyHigh full wavelength Microplate reader (Thermo Fisher Scientific, Massachusetts Waltham, USA).

2.2. Determination of flavonoids in samples and correlation analysis

Accurately 3 g FBSJ powder was weighed and put into a 100 mL round bottom flask, and added by 50 mL of 50 % acetone solution, 
and heated in 80 ◦C water bath for 30 min through a heating reflux device; the samples were centrifuged at 3500 r/min for 25 min and 
the supernatant was collected; 50 mL of pure ethyl acetate was added to the filter residue, and heated in 80 ◦C water bath for 30 min 
through a heating reflux device; the samples were centrifuged at 3500 r/min for 25 min and the supernatant was collected; collecting 
the supernatant twice and dilute it with pure methanol to obtain the extraction solution of FBSJ. And then the extraction solution of 
FBSJ from different origins repeated the process for the test.

The active ingredients in FBSJ were extracted by 90 % alcohol. Standard flavonoids were dissolved in methanol. The flavonoids in 
samples were separated using a Waters HPLC. Breeze Software was applied for the data processing. Chromatographic condition 1: 
Analysis was performed using the Waters high-performance liquid chromatograph with a Waters-C18 column (2) (dimensions: 250 
mm × 4.6 mm). Chromatographic separation took place at 30 ◦C with a flow rate of 1.0 mL min− 1, using methanol (A) and 0.05 % 
phosphoric acid (B) as the solvent. The elution program consisted of the following gradient steps: 0–10 min, 24–40 % (A); 10–20 min, 

Table 1 
Semi-inhibitory concentration of S. japonica extract from 
different habitats on tyrosinase activity.

Sample source IC50 (mg/mL)

Anhui Bozhou 116.1 ± 2.33
Jilin Changchun 112.4 ± 1.02
Shandong Jining 120.6 ± 1.60
Shandong Rizhao 160 ± 2.67
Anhui Luan 97.19 ± 0.62
Shanxi Jincheng 88.87 ± 0.56
Shandong Taian 86.93 ± 0.66
Hebei Shijiazhuang 129.8 ± 1.78
Henan Xinxiang 82.98 ± 1.44
Yunnan Kunming 45.47 ± 0.96
Henan Kaifeng 107.9 ± 1.52

Values are presented as mean ± SD (n = 3), and significant 
difference in each column at p < 0.05.
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40–50 % (A); 20–35 m. The separated flavonoid peaks were identified by comparing the retention time of the standards. Chro-
matographic Condition 2: The analysis was performed using an Agilent NH2 column (150 × 4.6 mm, 5 m) on a Waters high- 
performance liquid chromatograph. The mobile phase consisted of methanol, acetonitrile and water (6:3:1) and 0.4 % formic acid. 
The flow rate was 0.6 mL/min and the column temperature was maintained at 30 ◦C. The detection wavelength of the UV detector was 
365 nm.

2.3. Peak identification

The mixed standard solution containing the standard solution was injected into the HPLC system for qualitative analysis, and its 
retention time was recorded, and then each standard solution was injected into the HPLC system for quantitative analysis according to 
the peak area. Peak identification in samples was confirmed through retention time of different standard flavonoids.

2.4. Enzyme inhibition activity assays

According to the experimental procedure [41], there were partial adjustments made. The 96-well plate was positioned under an ice 
bath and within a dimly lit area. Inhibitors (50 % ethanol), enzymes (pure water), and substrates were introduced into every well of the 
plate. Following thorough mixing using a pipette and allowing a 5-min incubation period, the 96-well plate along with the reaction 
mixture was relocated to a water bath set at 37 ◦C. Upon a 15-min incubation in darkness, the absorbance was directly quantified at 
475 nm utilizing a full wavelength enzyme-linked immunosorbent assay. The experiment was repeated three times, and the average 
and variance were calculated.

The tyrosinase inhibition rate was expressed as follows: 

Y(%)=

(

1 −
A3 − A4
A1 − A2

)

× 100% 

A1 is the blank group: enzyme + buffer, A2 is the blank control group: buffer + buffer, A3 is the sample group: enzyme + inhibitor, 
A4 is the sample control group: buffer + inhibitor, and Y is the tyrosinase inhibition rate. The IC50 value represented the inhibitor 
concentration required when the enzyme activity was half inhibited and was used to evaluate the inhibitory activity of the inhibitor on 
the enzyme.

2.5. Kinetic assay for inhibition action

For the general assay of inhibition action, double-reciprocal Lineweaver-Burk, and the inhibition constant were checked by the 
second plots of the apparent Km/Vm or 1/Vm versus the concentration of the inhibitor [3]. 
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Yintercept =
1

Vmax

(

1+
[I]
Kis

)

where v is the reaction rate; Vmax stands for the maximum reaction rate; Km stands for the Michaelis-Menten constant, Ki and Kis 
represent the dissociation constant of the binding inhibitor to free enzyme and enzyme-substrate complex, respectively; [S] stands for 
substrate concentration. [I] represents the concentration of the inhibitor.

2.6. Fluorescence spectrum analysis

A test to analyze the interaction between tyrosinase and flavonoids in FBSJ was conducted using fluorescence quenching [1]: The 
method involved placing a mixture of tyrosinase and each solution in water baths at temperatures of 298 K, 304 K, and 310 K for 5 min. 
The samples were then excited at 280 nm and emitted light within the range of 300–500 nm, with slits set at a width of 5.0 nm. A 
phosphate buffer solution (PBS) served as the control group. The values of KSV, Kq, and the quenching types were determined using the 
Stern-Volmer equation [18]. 

F0
F
= 1 + Ksv[Q] = 1 + Kqτ0[Q]

lg
F0 − F

F
= lg Ka + nlg[Q]

where F0 and F represent the fluorescence intensity with or without flavonoids, [Q] represents the concentration of quencher, and 
τ0 (10− 8 s) is the lifetime of the fluorophore.

2.7. Circular dichroism (CD) spectrum analysis

Tyrosinase was scanned by CD spectrum, and 1.2 mg/L tyrosinase was mixed with quercetin, kaempferol, and isorhamnetin at 0.3 
mg/mL, and then the mixed solution was scanned in the wavelength range of 190–260 nm. Results were analyzed on professional 
websites (http://dichroweb.cryst.bbk.ac.uk).

2.8. Molecular docking

Molecular docking is a very useful method for evaluating ligand-protein binding ability [42,43]. In this paper, AutoDock4 [44] and 
MGL Tools 1.5.6 were used for molecular docking, Protein data for tyrosinase (PDB ID: 2Y9W) was obtained from RCSB Protein Data 
Bank, and compounds were downloaded from PubChem (CID: Quercetin 5280343, Kaempferol 5280863, Isorhamnetin 5281654, Kojic 
acid 3840). Before docking, edit the protein PDB file, keeping the Chain A and the copper ions, adding hydrogen atoms, and 
distributing the Gasteiger charge to generate the PDBQT file. The gridcenter of tyrosinase was 1.115, 32.227, 99.473, and the girdbox 
was 70 70 70. Under the default parameters, the Lamarckian genetic algorithm (LGA) is selected for docking calculation. Finally, the 
lowest binding energy pattern of the complex was visualized with PyMOL [45].

2.9. Molecular dynamics simulation

The results of docking are used as the initial structure of the simulation, and the gromacs 2023.1 [46,47] is used as the simulation 
software. Charmm3.6 was selected as the protein and small-molecule force field, the TIP3P model was used to add solvent, and sodium 

Fig. 1. HPLC fingerprint of FBSJ from different habitats.
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ions (Na+) were added to make the system an electric center. The Particle-mesh Ewald algorithm [48,49] was used to calculate 
electrostatic interactions with a 1.2 Å cutoff. The V-rescale and the Parrinello–Rahman algorithms were applied to couple the tem-
perature and pressure. Energy minimization using the steepest descent algorithm with a tolerance value of 1000 kJ mol− 1nm− 1 in 50, 
000 steps, then NVT and NPT equilibrations for 2ns, and finally MD was performed for 100 ns at 300 K temperature and 1 bar pressure.

2.10. Statistical analysis

Results were shown as means ± standard deviation (SD) of three measurements. Statistical analysis was performed using Student’s 
t-test in Excel and a significant difference was statistically considered at the level of p < 0.05. Excel was used to calculate the analysis of 
variance, and the chromatographic fingerprint similarity evaluation system 2012 was used to draw the fingerprint.

3. Results and discussion

3.1. HPLC fingerprint of FBSJ

Every sample was injected three times and the results had no significant differences(p < 0.05).The HPLC fingerprints of 11 different 
origins of FBSJ are shown in Fig. 1, which indicates that the common peaks correspond to each other and certain differences in the 
types and content of compounds they contain. 14 common peaks are labeled with good separation in Fig. 1. By comparing the 
chromatogram with the reference substance, six chromatographic peaks were identified, as shown in Fig. 2. Among them, peak 6 is 
rutin, peak 9 is kaempferol 3-O-rutoside, peak 10 is aquaporin, peak 12 is quercetin, peak 13 is kaempferol, and peak 14 is iso-
rhamnetin. The relative standard deviation of the adjusted retention time in the fingerprint spectra of FBSJ from different regions was 
calculated to be less than 0.25 %, indicating that the retention value was relatively stable, with the relative standard deviation of the 
peaks area ranging from 16.19 % to 75.88 %, indicating significant differences in compound content.

3.2. IC50 of FBSJ on tyrosinase activity

According to the method[], the semi-inhibitory activity (IC50) of FBSJ extraction on tyrosinase showed that the sample from 
Yunnan Kunming had the best inhibitory effect on tyrosinase, which indicated that it contained abundant tyrosinase inhibitory active 
substances. The sample from Shandong Rizhao had the worst inhibitory effect, and there were significant differences in inhibitory 
effects among samples from different regions, as shown in Table 1.

The partial least squares regression coefficient analysis results showed that there was a negative correlation between peaks 8, 11, 
quercetin, kaempferol, and isorhamnetin and tyrosinase inhibition ability, with a correlation coefficient R < − 0.2(Fig. 3). This means 
that the higher the content of these compounds, the lower the IC50 value, indicating that these compounds have a significant 
inhibitory effect on tyrosinase. On the contrary, there is a positive correlation between peak 3, narcissoside, and tyrosinase inhibition 
ability, with a correlation coefficient of R > 0.2, indicating that the higher the content of these compounds, the higher the IC50 value. 
The correlation results by grey relational analysis between the 14 common peaks in FBSJ from different regions and tyrosinase in 
Table 2 showed that the substances ranked high, such as narcissoside, peak 3, and rutin, had a greater correlation with tyrosinase, 
indicating that the richer the content of these substances were, the higher the IC50 value was. On the contrary, the lower ranked peaks 
4, kaempferol, 11, 8, isorhamnetin, and quercetin have lower correlation with IC50 values, indicating that an increase in the content of 
these substances can lead to a decrease in IC50 values, which may have a stronger inhibitory effect on tyrosinase. The results are 
consistent with the partial least squares regression coefficient analysis.

The IC50 results in Table 3 of these four types of flavonoids on tyrosinase showed that their inhibitory effect was better than that of 

Fig. 2. Control fingerprints of FBSJ (b) control profiles with specimen controls: 6-Rutin; 9-Shanaiol-3-O-rutinoside; 10-Aquaporin; 12-Quercetin; 
13-Kaempferol; 14-Isorhamnetin.
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Fig. 3. Partial least squares regression coefficient analysis plot (PLSR).

Table 2 
Grey correlation results.

Appraisal items Correlation degree Ranking Appraisal items Correlation degree Ranking

Narcissin 0.891 1 Peak 5 0.843 8
Peak 3 0.882 2 Quercetin 0.814 9
Rutin 0.87 3 Isorhamnetin 0.808 10
Peak 2 0.868 4 Peak 8 0.802 11
Peak 1 0.866 5 Peak 11 0.801 12
Peak 7 0.857 6 Kaempferol 0.773 13
Kaempferol-3-o-rutinoside 0.847 7 Peak 4 0.737 14

Significant difference in each column at p < 0.05.

Table 3 
IC50 of quercetin, isorhamnetin, kaempferol and kojic acid.

Standards IC50(10− 5 mol/L)

Kaempferol 8.21 ± 1.37
Isorhamnetin 9.64 ± 0.99
Quercetin 7.44 ± 0.76
Kojic acid 17.59 ± 0.51

Significant difference in each column at p < 0.05.

Fig. 4. Kinetic curves of tyrosinase inhibition by quercetin, kaempferol, and isorhamnetin. (a) Quercetin (from 0,0.25, 0.4, 0.5, 0.6 mg/mL; a→e), 
(b) Kaempferol (from 0, 0.1, 0.15, 0.25, 0.3 mg/mL; a→e), Figure (c) isorhamnetin (from 0, 0.1, 0.25, 0.5 mg/mL; a→d).
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traditional tyrosinase inhibitor kojic acid, further confirming the screening results.

3.3. Enzyme inhibition kinetics

To investigate the inhibitory mechanism of flavonoids on tyrosinase, a Lineweaver Burk plot was developed to analyze the 
inhibitory types of quercetin, kaempferol, and isorhamnosin on tyrosinase. Double reciprocal plots of different concentrations of 
substrates were obtained based on the enzyme activity reaction rate, which was linear and crossed the second or third quadrant. The 
results in Fig. 4 indicate that the inhibitory types of quercetin and kaempferol on tyrosinase are competitive because the lines of 
inhibitors of different concentrations intersect the y-axis and have a constant value of 1/Vmax and the vertical intercept (1/Vmax) and 
the horizontal intercept (1 /Km) change simultaneously and linearly, consistent with the reported results [50,51]. The Vmax value 
decreases with the increase of the Km value, as shown in Fig. 4 (a) (b), which means that they compete with the substrate for the active 
site of the enzyme, thus affecting the enzyme reaction activity. The inhibition type of isorhamnetin and tyrosinase is mixed inhibition, 
consistent with the reported result [52]. As shown in Fig. 4 (c), all lines intersect in the second quadrant, indicating that isorhamnetin 
can bind to both free enzymes and enzyme substrate complexes. In addition, the slope and y-intercept quadratic remapping plots are 
linearly fitted, which indicates that they bind to a certain inhibitory site or type of binding site on tyrosinase.

The Ki and Kis values of these three kinds of flavonoids and tyrosinase were calculated according to the formula, which was shown in 
Table 4. The Kis value of isorhamnetin was greater than the Ki value, indicating that its binding ability with tyrosinase was stronger 
than that of enzyme and substrate.

3.4. Fluorescence quenching of tyrosinase

To investigate the interaction mechanism between flavonoids and tyrosinase, the fluorescence spectra of isorhamnetin, kaempferol, 
quercetin binding to tyrosinase were measured at three temperatures (298 K, 304 K, and 310 K), and the fluorescence emission spectra 
of tyrosinase were measured with and without inhibitors. The results in Fig. 5 described that the fluorescence spectra of tyrosinase with 
isorhamnetin, kaempferol, and quercetin at different temperatures. Tyrosinase had the maximum absorption peak at 345 nm and as the 
concentration of these inhibitors increased, the fluorescence intensity significantly regularly decreased the energy value, but the 
emission position didn’t shift significantly, which was consistent with the report [52]. This meant that inhibitors had a significant 
impact on tyrosinase and these inhibitors interacted with tyrosinase to quench its endogenous fluorescence.

There are two types of quenching mechanisms between inhibitors and enzymes: static and dynamic quenching. In static quenching, 
the Ksv value of the inhibitor decreases with increasing temperature, which was opposite to dynamic quenching. According to the 
Stern-Volmer equation, the Ksv values of quercetin, kaempferol and isorhamnetin were calculated at different 298 K, 304 K, and 310 K, 
as shown in Table 5. These values gradually decreased with increasing temperature, indicating that the quenching mechanisms of 
quercetin, isorhamnetin, kaempferol were static and as the temperature increased, their Ka values significantly changed, indicating 
that their interaction with tyrosinase was temperature dependent. As shown in Fig. 5, the Stern Volmer diagram showed good linearity 
at different temperatures, indicating that the fluorescence quenching type might be single. It can be calculated that Kq of quercetin 
were 1.44 × 1012, 1.17 × 1012, and 1.13 × 1012 L mol− 1 S− 1 at 298, 304, and 310 K, Kq of kaempferol were 1.03 × 1012, 0.83 × 1012, 
and 0.73 × 1012, Kq of isorhamnetin were 0.73 × 1012, 0.65 × 1012, and 0.51 × 1012, respectively. The Kq value was greater than the 
maximum scattering collision quenching constants of biological molecules (2 × 1010 L mol− 1 s− 1), which indicated that the quenching 
mechanism is static as well. As mentioned above, these results were mainly due to the quenching effect of the ground state complexes 
they form on endogenous fluorescence.

The calculations show that the numbers of binding sites (n) for isorhamnetin and kaempferol are both close to 1, which means there 
is only one type of binding site. However, the number of binding sites for quercetin are close to 2, indicating two or two types of 
binding sites.

The Ka value indicates the binding ability of the inhibitor with the enzyme. A higher Ka value indicates a stronger binding ability. 
The results are shown in Table 5. As temperature increased, the binding constant (Ka) of quercetin and kaempferol increased. This 
suggested that the process of quercetin and kaempferol with tyrosinase is an endothermic reaction.

Subsequently, the van’t Hoff equation can be employed to derive the thermodynamic constants of quercetin, kaempferol, and 
isorhamnetin on tyrosinase, including enthalpy change (ΔH◦), free energy change (ΔG◦), and entropy change (ΔS◦). 

log Ka = −
ΔH◦

2.303RT
+

ΔS◦

2.303R 

ΔG◦ =ΔH◦TΔS◦

Table 4 
Detailed kinetic parameters of tyrosinase by quercetin, kaempferol and isorhamnetine

Compound Ki(mg/ml)a Kis(mg/ml) Inhibition type

Kaempferol 0.232 ± 0.002 – Competitive
Isorhamnetin 0.520 ± 0.0005 0.924 ± 0.02 Mixed
Quercetin 0.046 ± 0.0035 – Competitive

a Significant difference in each column at p < 0.05. Values are given as means ± SD (n = 3).
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in the formula, R is 8.314 J mol− 1 K− 1; T is the experimental temperature.
The values of entropy changes (ΔS◦), enthalpy changes (ΔH◦), and free energy changes (ΔG◦) are presented in Table 5. The negative 

value of ΔG◦ indicated that the interaction between tyrosinase and inhibitors occurred spontaneously. The positive value of ΔH◦

demonstrated that the process of complexing quercetin and kaempferol with the enzyme was an endothermic reaction. The negative 
value of ΔH◦ showed that the process of complexing isorhamnetin with tyrosinase was an exothermic reaction. In accordance with the 
proposed rules by Ross and Subramanian, the observed values of ΔS◦ > 0 and ΔH◦ > 0 indicate that the predominant binding forces 
between quercetin and kaempferol with tyrosinase may be hydrophobic interactions. The values of ΔH◦ < 0 and ΔS◦ < 0 demonstrate 
the presence of hydrogen bonding and van der Waals forces between the enzyme and isorhamnetin.

Fig. 5. Fluorescence quenching of tyrosinase by quercetin, kaempferol and isorhamnetin. (a) kaempferol(from 0 → 13.98 × 10− 5 mol/L; a→g); (b) 
Quercetin (from 0 → 23.16 × 10− 5 mol/L; a→g); (c) Isorhamnetin (from 0 → 12.64 × 10− 5 mol/L; a→g).

Table 5 
The thermodynamic parameters of the interaction between quercetin, kaempferol, isorhamnetin, and tyrosinase.

Compound T (K) KSV (104L⋅mol− 1) Ka (105L⋅mol− 1) n ΔH 
(KJ mol− 1)

ΔG (KJ⋅mol− 1) ΔS (J mol− 1k− 1)

Quercetin 298 1.44 ± 0.21 5.12 ± 0.13 1.44 9.12 
±1.3

− 3.86 ± 0.05 43.56 ± 3.21
304 1.17 ± 0.11 5.36 ± 0.21 1.46 − 4.12 ± 0.02
310 1.13 ± 0.15 16.87 ± 0.29 1.61 − 4.39 ± 0.02

Kaempferol 298 1.03 ± 0.04 0.21 ± 0.05 1.08 10.42 ± 1.1 − 3.00 ± 0.06 45.03 ± 7.1
304 0.83 ± 0.1 0.59 ± 0.15 1.22 − 3.27 ± 0.03
310 0.73 ± 0.02 0.81 ± 0.15 1.27 − 3.54 ± 0.05

Isorhamnetin 298 0.73 ± 0.01 1.83 ± 0.08 1.10 − 4.48 ± 2.1 − 2.96 ± 0.01 − 5.10 ± 1.19
304 0.65 ± 0.02 1.93 ± 0.21 1.12 − 2.93 ± 0.01
310 0.51 ± 0.01 1.02 ± 0.18 1.08 − 2.90 ± 0.02

Values are given as means ± SD (n = 3). Significant difference in each column at p < 0.05.

Fig. 6. Circular dichroism of quercetin, kaempferol, isorhamnetin and tyrosinase.
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3.5. Circular dichroism of tyrosinase

The changes in the secondary structure of tyrosinase in the presence of different inhibitors were monitored by circular dichroism 
spectroscopy. As shown in Fig. 6, both negative bands of tyrosinase at 208 nm and 222 nm were altered, suggesting that the α-helix was 
changed. Because tyrosinase is a 125.31 KDa dimer macromolecular structure, the subunit where the active site is located has 365 
amino acid residues, including two in parallel α-helix peptide chains [53], the appearance of a negative band change characteristic of 
the α-helix in the circular dichroism spectra proves that the binding of the inhibitor to the tyrosinase alters the α-helix, change the 
folding of the constitutive peptides and reduces stability, ultimately leading to a decrease in the catalytic activity of tyrosinase. In 
addition, this observation also demonstrates the inhibitor-induced fluorescence quenching of tyrosinase.

3.6. Molecular docking of tyrosinase

To understand the binding mode of these flavonoid inhibitors with tyrosinase, molecular docking was used to simulate the 
interaction of these flavonoid compounds and kojic acid with tyrosinase, and the optimal binding active component was determined 
according to the binding energy generated in the docking process. The higher the binding energy was, the more stable and closer the 
polymers were. The molecular docking analysis of tyrosinase against the preliminarily screened flavonoids showed that kaempferol 
and tyrosinase had the highest binding energy (− 6.08 kcal/mol) from the perspective of energy, as shown in Table 6, followed by 
quercetin (− 5.54 kcal/mol) and isorhamnetin (− 5.63 kcal/mol). The binding energy of these small molecules with tyrosinase was 
similar, and all had good binding effects. The binding energy of tyrosinase positive control kojic acid and tyrosinase was (− 4.41 kcal/ 
mol), however, the binding energy of kaempferol-3-o-rutose (− 3.88 kcal/mol), narcissoside (− 2.89 kcal/mol) and rutin (− 2.89 kcal/ 
mol) were poor respectively, which indicated that the binding effect of these three flavonoids with tyrosinase was not as good as that of 
positive control kojic acid on tyrosinase, The order of binding energy is kaempferol > isorhamnetin > quercetin > kojic acid >
kaempferol-3-O-rutoside > narcissoside > rutin, and the results were consistent with the reports [54,55]. This is consistent with the 
previous partial least squares regression coefficient analysis, grey correlation analysis, and IC50 results for each substance.

The results presented in Fig. 7 demonstrate that the flavonoids with higher binding energies than the positive control kojic acid, 
were kaempferol, isorhamnetin, and quercetin. Of these, kaempferol and quercetin were hydrogen bonded with HIS85 of tyrosinase, 
unlike to isorhamnetin. The observed differences in binding modes may be attributed to the type of inhibition, a result that is consistent 
with previous experimentals. In addition, ASN81, CYS83, HIS85, GLY86 amino acid residues also play an important role in molecular 
binding. It also shows that the histidine disability that links copper ions plays a crucial role in the molecular docking process, copper 
chelating six residues (HIS61, HIS85, HIS94, HIS259, HIS263, HIS296) in tyrosinase constituting its active center, as well as a special 
three-dimensional structure. From the docking results, especially four residues (HIS61, HIS94, HIS259, HIS263) form the binding 
selectivity, which may limit the rotational freedom of the flavonoids side chain. Three flavonoids contain a large amount of hydro-
phobic forces around them, as shown in Fig. 7(a–c). However, the binding between kojic acid and tyrosinase has very little hydro-
phobic force, which may be the reason why these flavonoids have better tyrosinase inhibitory activity than kojic acid, consistent with 
the report [51].

3.7. Molecular dynamics simulation of tyrosinase

Molecular dynamics simulations were performed on the docking results and analyzed, as shown in Fig. 8. RMSD analysis of the 
simulation trajectories in Fig. 8a showed that all systems reached equilibrium after 10 ns, with small fluctuations around 0.2, and the 
isorhamnetin showing abnormal small fluctuations in the middle of the range from 38 to 50 ns, and then reaching a steady state. 
Overall, the four systems reached equilibrium, and the four conjugates were able to stably exist. During the simulation process of four 
systems, RMSF analysis of proteins (Fig. 8b) revealed significant fluctuations in amino acid residues located at 72–77, 245–251, and 
319–331, which suggested that these sites were common binding sites of inhibitors, among which, the system bound to isorhamnetin 
was significantly different at 248, quercetin was different at 74, and kaempferol and kojic acid had large fluctuations at 76. These 
results suggest that different inhibitors also have different binding sites, which in turn affect the conformation of proteins. Rg reflects 
the compactness of the protein. By analyzing the radius of gyration of the proteins (Fig. 8c) during the simulation, except for 
kaempferol, the Rg of protein in other systems fluctuated at 2.08 nm after the system was equilibrated, and the fluctuation of 
kaempferol was slightly larger. During the whole simulation, the Rg value of the quercetin complex showed a gradual downward trend, 
and in general, the quercetin complex was more closely structured. Consistent with SASA (Fig. 8d). By analyzing the energy change of 
interaction between inhibitors and proteins in the simulation process (Fig. 8f), it is found that the energy of kojic acid and protein 
interaction is stable, quercetin and kaempferol have certain fluctuations, the interaction is strong, and isorhamnetin fluctuates the 
most. Combined with the analysis of the centroid distance between the protein and the inhibitor (Fig. 8e), it was further confirmed that 
the distance between isorhamnetin and the protein fluctuated greatly, and combined with the previous results, it was speculated that 
there may be multiple forms of isorhamnetin binding to tyrosine.

4. Conclusion

The current research has validated the unique fingerprint patterns of flavonoids in S. japonica across diverse geographical loca-
tions. From the evaluation of the inhibitory rate IC50 of tyrosinase in the extract and the correlation analysis of common peak areas in 
the fingerprint, three established flavonoids exhibiting significant inhibitory effects were identified: quercetin, isorhamnetin, and 
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kaempferol. These substances demonstrated a higher binding energy compared to kojic acid. The individual testing of these com-
pounds further supported this finding, as they were observed to interact with tyrosinase and induce changes in its secondary structure. 
Kinetic study showed that kaempferol and quercetin could significantly inhibit the activity of tyrosinase, and the inhibitory types are 
competitive, the inhibition type of isorhamnetin is mixed inhibition. Both of three quenched the fluorescence of tyrosinase by a static 
procedure. Unlike quercetin and kaempferol, the binding process of isorhamnetin is accompanied and release heat, while the main 
binding force of isorhamnetin to tyrosinase is a combination of hydrogen bonding, hydrophobic forces and van der Waals forces, and 
that of quercetin and kaempferol is hydrophobic forces. Molecular docking and dynamics simulations yielded consistent outcomes, 
affirming the superior tyrosinase inhibitory activity of these compounds over kojic acid and highlighting their potential as valuable 
natural inhibitors of tyrosinase.

Data availability

Data will be made available on request.

Table 6 
Molecular docking evaluation of tyrosinase by flavonoid substances in FBSJ.

Material Binding energy(kcal/mol)a Interaction residuesb

Kaempferol − 6.08 ASN-81、CYS-83、HIS-85、GUY-86、GLY-245、ALA-246、ASN-320、ARG-321、GLU-322
Isorhamnetin − 5.63 ASN-81、GLY-86、GLY-245、ASN-320、ARG-321、GLU-322
Quercetin − 5.54 TYR-65、TYR-78、LYS-79、ASN-81、CYS-83、HIS-85
Kojic acid − 4.41 ASN-81、CYS-83、HIS-85、GLU-322
Kaempferol-3-O-rutinose − 3.88 GLU-189、ASP-191、ARG-268、LEU-275、GLY-281、SER-282
Narcissin − 2.89 TYR-65、LYS-79、ASN-81、SER-282、VAL-283、GLU-322
Rutin − 2.89 ASN-260、GLU-322、ALA-323

a Significant difference in each column at p < 0.05.b Obtained by PyMOL.

Fig. 7. Molecular docking of the inhibitor and tyrosinase; (a) kaempferol, (b) quercetin, (c) isorhamnetin, (d) kojic acid and tyrosinase. The first and 
second columns are plotted by PyMOL and the third column is plotted in LigPlot+ [56].
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