
 

Computational simulations integrating inhibition 
kinetics of tyrosinase by oxalic acid 

Li Yan1, Shang-Jun Yin2, Daeui Park3, Yue-Xiu Si2, Zhi-Jiang Wang2, Hae Young Chung3, Jun- 

Mo Yang4, *Guo-Ying Qian2, *Yong-Doo Park1,2 

1Zhejiang Provincial Key Laboratory of Applied Enzymology, Yangtze Delta Region Institute of Tsinghua University, 

Jiaxing 314006, P. R. China. 
2College of Biological and Environmental Sciences, Zhejiang Wanli University, Ningbo 315100, P. R. China. 

3Molecular Inflammation Research Center for Aging Intervention (MRCA), College of Pharmacy, Pusan National 

University, Busan 609-735, Korea. 
4Department of Dermatology, Sungkyunkwan University School of Medicine, Samsung Medical Center, Seoul 135-710, 

Korea. 

 

 
Tyrosinase inhibition studies are important for agricultural and medicinal applications. 

Computational predictions and enzymatic assays via kinetics may be used to detect effective 

inhibitors of tyrosinase. We predicted the 3D structure of tyrosinase from Agaricus bisporus, used a 

docking algorithm to simulate binding between tyrosinase and oxalic acid (OA), and studied the 

reversible inhibition of tyrosinase by OA. Simulations were successful (binding energies for 

Dock6.3 = -18.76 and AutoDock4.2 = -2.47 kcal/mol), suggesting that OA interacts with the LYS224 

residue that is predicted by both programs. OA inhibited tyrosinase in a mixed-type manner with a 

Ki = 3.16 ± 1.8 mM and IC50 = 8.0 ± 0.5 mM. Measurements of intrinsic and ANS-binding 

fluorescences showed that OA induced changes in the active site structure. Our results suggest 

that the strategy of predicting tyrosinase inhibition based on carboxyl groups and orientation may 

prove useful for the screening of potential tyrosinase inhibitors. 
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INTRODUCTION 

 

Tyrosinase (EC 1.14.18.1) is a ubiquitous enzyme with 

diverse physiologic roles related to pigment production. 

Tyrosinase plays a central role in melanin synthesis in the 

skin (Jimbow et al., 2000; Olivares and Solano, 2009), 

the browning of vegetables (Rescigno et al., 2002; Kim 

and Uyama, 2005), wound healing (Lai et al., 2002; 
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OA, oxalic acid; DOPA, 3,4-dihydroxyphenylalanine; ANS, 1- 

anilinonaphthalene-8-sulfonate 

Kanost et al., 2004), and cuticle formation in insects 

(Guerrero and Rosell, 2005). Therefore, tyrosinase 

inhibitors have potential applications in medicine and 

cosmetics as whitening agents, and in agriculture as bio- 

insecticides. With respect to catalysis, tyrosinase belongs 

to the type 3 copper protein family (Li et al., 2009; Yoon 

et al., 2009), with two copper ions that are each 

coordinately bonded with a distinct set of three histidine 

residues within the active site. These coppers participate 

directly in the hydroxylation of monophenols to o- 

diphenols (cresolase activity) and in the oxidation of o- 

diphenols to o-quinones (catechol oxidase activity) 

(Decker and Tuczek, 2000). The tyrosinase mechanism is 

complex, and this enzyme can catalyze multiple reactions. 

The overall 3D structure and architecture of the active 

site are not well understood. Thus, studies of this enzyme 
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mechanism must involve a variety of computational 

methods and kinetics to derive the structure-function 

relationships, e.g., between substrates and ligands of the 

enzyme. 

In the current study we determined the mechanism of 

tyrosinase inhibition by oxalic acid (OA) using 

computational simulation and kinetic analysis. We 

hypothesized that the two dicarboxylic acids of OA may 

block L-DOPA oxidation by binding to tyrosinase. 

Previous findings have shown the importance of carboxyl 

groups in tyrosinase inhibition (Yokota et al., 1998; Shiino 

et al., 2001, 2003; Kim et al., 2006; Kanade et al., 2007; 

Yan et al., 2009; Yamazaki et al., 2009) in terms of 

molecular position, number, and specific interactions with 

the enzyme; these findings further support our hypothesis. 

OA has two carboxyl groups, thus implying that OA might 

have an inhibitory effect on tyrosinase. OA is present in 

many organisms (Gadd, 1999; Zoppi et al., 2010; Lehner 

et al., 2008; Zou et al., 2007). The spinach family 

contains high levels of OA (Betsche and Fretzdorff, 2005; 

genannt Bonsmann et al., 2008). Some bacteria also 

produce oxalates from the oxidation of carbohydrates 

(Nakata and He, 2010). Regardless of its occurrence in 

nature and potential use as a food additive (Sayyari et al., 

2010; Gao et al., 2010; Anang et al., 2006), the direct use 

of OA in medicinal or cosmetic applications is limited due 

to its toxicity. However, effective approaches derived from 

the combination of computational simulation and 

enzymatic kinetics are of interest for further screening of 

tyrosinase inhibitor candidates. The results of 

computational simulation suggest that OA could be a 

potent inhibitor of tyrosinase, because OA directly 

interacts with some residues that are located near the 

active site. Experimentally, OA exerts mixed-type 

inhibition on tyrosinase. Kinetic parameters consistently 

support the results of docking simulations, and 

measurements of ANS-binding fluorescence reveal 

changes in regional structure. A combination of inhibition 

kinetics and computational modeling may facilitate the 

testing of potential tyrosinase inhibitors, such as OA and 

predictions of the inhibitory mechanisms that are involved. 

 

 
MATERIALS AND METHODS 

 
Materials 

 
Tyrosinase (M.W. 128 kDa), L-DOPA, and OA were 

purchased from Sigma-Aldrich (Seoul, Korea). When L- 

DOPA was used as a substrate in our experiments, the 

purchased tyrosinase had a Km of 0.22 ± 0.15 mM (Vmax = 

Tyrosinase assay 

 
A spectrophotometric tyrosinase assay was performed as 

previously described (Park et al., 2005; Han et al., 2007). 

To begin the assay, a 10-µl sample of enzyme solution 

was added to 1 ml of reaction mix. Tyrosinase activity (v) 

was recorded as the change in absorbance per min at 

492 nm using a Perkin Elmer Lambda Bio U/V 

spectrophotometer. 

 

 
Homology modeling of tyrosinase 

 
The 3D structure of tyrosinase from Agaricus bisporus 

was modeled using the SWISS-MODEL (Arnold et al., 

2006) to assemble 556 amino acids (Protein CAA11562) 

that were selected using a homology-modeling protocol. 

This method differs from those described in previous 

reports (Gou et al., 2008; Lü et al., 2010). We retrieved 

the known homologues of tyrosinase (average, 23% 

sequence identity), as well as partial tyrosinase 

homologues, from the Protein Data Bank (PDB) 

(http://www.pdb.org) and identified a PDB entry (2zmx 

chain A) to provide a suitable structural template. Based 

on the sequence alignment, the 3D structure of 

tyrosinase was constructed with a high level of 

confidence (final total energy, 38297.020 KJ/mol). 

 

 
Molecular docking of tyrosinase and OA 

 
Among the many tools available for protein-ligand 

docking, Autodock4.2 and Dock6.3 programs were 

applied because of their automated capabilities (Morris et 

al., 2009). The programs use a set of predefined 3D grids 

of the target protein with a systematic search technique 

(Huey et al., 2007). The original structure of OA was 

derived from the PubChem database (Compound ID: 

7489, http://pubchem.ncbi.nlm.nih.gov/). To prepare for 

the docking procedure, the following steps were taken, 1 

conversion of 2D structures to 3D structures, 2 

calculation of charges, 3 addition of hydrogen atoms, 4 

location of pockets. For these steps, we used Open Eye 

(http://www.eyesopen.com). 

 

 
Kinetic analysis of mixed-type inhibition 

 
To describe the mixed-type inhibition mechanism, the 

Lineweaver-Burk equation in double reciprocal form can 

be written as: 

0.14 ± 0.02 mmol·min-1) according to a Lineweaver-Burk 

plot. 
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Secondary plots can be constructed from 
Km Km [I] 

macromolecule, the equilibrium between free and bound 

molecules is given by the following equation: 
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where F0 and F are the relative steady-state fluorescence 

intensities in the absence and presence of quencher, 

respectively, and [Q] is the quencher (OA) concentration. 

The values of the binding constant (K) and number of 

binding sites (n) can be derived from the intercept and 

Then, the α, Ki, Km, and Vmax values can be derived from 

the above equations. The secondary replot of Slope or Y- 

intercept vs. [I] is linearly-fitted, assuming a single 

inhibition site or a single class of inhibition site, as shown: 

Scheme1. 

slope of a plot based on Equation. (4). 
 

 
RESULTS 

Km 

E + S  ES  E + P 

Computational prediction of 3D tyrosinase structure 

and docking simulation of OA binding 

+ 

I 

Ki 

αKm 

+ 

I 

αKi 

Because the crystallographic structure of tyrosinase is not 

available, we selected a template structure from the PDB 

(2zmxA) to simulate the 3D structure of tyrosinase 

(Figure. 1). In the predicted structure of tyrosinase, a 

binding pocket is indicated with two coppers: one is 

coordinated to HIS38, HIS54, and HIS63 and the other is 
EI + S  EIS EI + P coordinated to HIS190, HIS194, and HIS216, respectively. 

The docking simulation of binding between OA and 

Scheme 1. E, enzyme tyrosinase; S, substrate L-DOPA; I, 

inhibitor OA; P, product DOPAchrome; Ki, inhibitor dissociation 

constant; α, modifying factor. 

The OA binds to the E and ES complex. 
 

 

Intrinsic and ANS-binding fluorescence 

measurements 

 
Fluorescence emission spectra were measured with a 

Jasco FP750 spectrofluorometer using a cuvette with a 1- 

cm path length. Tryptophan fluorescence was measured 

following excitation at 280 nm, and the emission 

wavelength ranged between 300 and 410 nm. Changes 

in the ANS-binding fluorescence of tyrosinase were 

measured following excitation at 390 nm, and the 

emission wavelength ranged from 400-520 nm. The 

tyrosinase was labeled with 40 µM ANS for 30 min prior 

to measurements. 

All kinetic reactions and measurements in this study 

were performed in 50 mM sodium phosphate buffer (pH 

6.9). 

 

 
Determination of the binding constant and the 

number of binding sites 

 
According to a previous report (Xie et al., 2005), in which 

small molecules were bound to equivalent sites on a 

tyrosinase was successful in producing a significant 

score (the binding energy for Dock6.3 was -18.76 

kcal/mol). We searched for OA-binding residues within 

tyrosinase that were close to each other and found the 

most important residues at LYS66, GLU67, PRO69, 

LYS75, ALA76, LYS224, and ASN226 predicted by 

Dock6.3. 

In the same manner, AutoDock4.2 was also applied to 

probe docking sites (Figure. 2). As a result, OA-binding 

residues with significant scores were predicted as 

LYS224, PRO315, and ASN316 (binding energy for 

AutoDock4.2 was -2.47 kcal/mol). We found that LYS224 

was commonly predicted by both programs. The docking 

simulations provided data indicating that OA is a 

tyrosinase inhibitor candidate by identifying binding 

residues near the active site pocket that might directly 

affect the L-DOPA substrate docking and catalysis. 

 

 
Effect of OA on tyrosinase activity: inhibition kinetics 

 
In the next step, we assayed changes in tyrosinase 

activity in the presence of OA to confirm the results of 

docking simulations. Tyrosinase activity was 

conspicuously inactivated by OA in a dose-dependent 

manner with an IC50 of 8.0 ± 0.5 mM (n = 2) when OA 

was present both in reaction and assay buffers (Figure. 

3A). At less than 100 mM OA, tyrosinase was completely 

inactive (Figure. 3A). When OA was removed from the 

V 
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Figure 1. Computational docking simulation by Dock6.3 between tyrosinase and OA . 

Sequence alignment between tyrosinase (Protein CAA11562) and the selected 

PDB entry (2zmx chain A: average of 23% sequence identity) was conducted to 

provide a suitable structural template. The 3D structure of tyrosinase was 

constructed using SWISS-MODEL to assemble 556 amino acids that were selected 

through a homology-modeling protocol. Two copper ions (balls) were coordinated 

with six histidines, as indicated. The red stick represents OA as docked by Dock6.3. 

 

 

Figure 2. Computational docking simulation by AutoDock4.2 between tyrosinase and OA. 

The yellow zone indicates the location of the binding site, and the red boxes 

indicate putative OA-binding sites. The stick is OA as docked by AutoDock4.2. 

 

assay buffer, the value of IC50 was shifted to 22.5 ± 3.54 

mM (n = 2), showing that OA reversibly binds to 

tyrosinase (Figure. 3B). 

To confirm the reversibility of OA-mediated inhibition, 

plots of the remaining activity versus [E] were constructed 

(Figure. 4). The results showed straight lines passing 

through the origin, indicating OA-mediated reversible 

inhibition, as predicted in the results of Figure. 3. 

Lineweaver-Burk plot analysis of tyrosinase 

inhibition by OA 

 
We adapted Lineweaver-Burk plot analysis to elucidate 

the inhibition type of OA on tyrosinase. The results 

showed changes in both apparent Vmax and Km, indicating 

that OA induced a mixed-type of inhibition (Figure. 5A). 

The secondary replot of Slope vs. [OA] was linearly-fitted 
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Figure 3 (A). Inhibitory effect of OA on tyrosinase. 

Data are presented as means (n = 3). Tyrosinase 

was incubated with OA at various concentrations for 

3 h at 25 ºC and then added to the assay system at 

the corresponding OA concentrations (A) or in the 

absence of OA 
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Figure 3 (B). The final concentrations of L-DOPA 

and tyrosinase were 2 mM and 2.0 µg/ml, 

respectively. 

 

(Figure. 5B), showing that OA has a single inhibition site 
or a single class of inhibition site on tyrosinase. Using 

Equations. (1)-(3), the α-value was calculated to be 3.60 

± 1.0 (n = 2) and the Ki was 3.16 ± 1.8 mM (n = 2). Vmax 

value changes predicted by docking simulations indicated 

that OA might not compete with L-DOPA for docking, 

because the binding sites are not located in the active 

site pocket. However, the Km changes occurred in a more 

complex manner: L-DOPA does not directly compete with 

OA but the L-DOPA accessibility for docking to coppers at 

the active site could be affected by OA-docking induced 

conformational changes that produce the tertiary shape 
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Figure 4. Plots of v versus [E]. 

The v value indicates the change in absorbance at 492 

nm per min at OA concentrations of 0 (●), 12.5 (▲), 25 

(+), 50 (■), and 75 (◄) mM. The final L-DOPA 

concentration was 2 mM. 
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Figure 5. Lineweaver-Burk plots. 

(A) The OA concentrations were 0 (●), 12.5 (▲), 

25 (▼), and 50 mM (■). The final enzyme 

concentration was 2.0 µg/ml. 
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Figure 5 (B) Secondary replot of Slope vs. [OA]. 

All data were collected from Lineweaver-Burk plots. 

The replots were plotted based on Eq. (2). 
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Figure 6. Changes in ANS-binding fluorescence of 

tyrosinase at different OA concentrations. 

ANS (40 µM) was incubated with tyrosinase for 30 min to 

label hydrophobic enzyme surfaces prior to fluorescence 

measurements. Data are presented as means (n = 2). 

 

of the active site. These conformational changes might be 

monitored by hydrophobic surface changes of tyrosinase 

because the OA docking site is very near the active site 

where L-DOPA oxidation occurs. Thus, mixed-type 

inhibition of tyrosinase by OA was observed. Overall, the 

experimental data agreed well with the predictions of 

equations and simulations. 

Effect of OA on tyrosinase tertiary structure: 

spectrofluorimetry studies 

 
Next, to confirm our hypothesis that changes in 

tyrosinase hydrophobicity occur due to alterations of the 

active site shape by OA, ANS-binding fluorescence 

changes were monitored in the presence of OA (Figure.6). 
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Figure 7 (A). Changes in intrinsic tyrosinase 
fluorescence at different OA concentrations. 
(A) Intrinsic fluorescence changes at high 
concentrations of OA. Tyrosinase was incubated 
with OA for 3 h before measurements. Label 1 
represents the native state. Labels 2 through 5 
indicate OA concentrations of 0.2, 0.3, 0.4, and 0.5 
M, respectively. 
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Figure 7(B) Plot of maximum 
fluorescence intensity vs. [OA]. 
Tyrosinase was incubated with various 
concentrations of OA (12.5 to 500 mM) 
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Figure 7 (C) Double reciprocal plot of F0/(F0- 
F) vs. [Q]-1. Equation [4] in Materials and 
Methods was applied. F0, maximum native 
fluorescence intensity; F, maximum 
fluorescence intensity of sample; Q, 
quencher OA. 
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OA gradually altered the ANS-binding fluorescence of 

tyrosinase in a dose-dependent manner, an indication 

that binding to inhibitor exposed hydrophobic surfaces 

within tyrosinase, perhaps primarily due to the active site. 

To compare this result further, we measured the 

intrinsic fluorescence changes of tyrosinase in the 

presence of OA. We found that the intrinsic fluorescence 

of tyrosinase changes significantly at higher than 100 mM 

OA accompanying a quenching effect, which gradually 

decreased with no significant shift of the maximum peak 

wavelength (Figure. 7A). However, at less than 100 mM, 

OA did not modulate the fluorescence (Figure. 7B). This 

result indicated that OA did not induce conspicuous 

overall tertiary structural changes of tyrosinase at less 

than 100 mM. Interestingly, at this OA concentration 

range, the activity was completely abolished (Figure. 3) 

and hydrophobic changes are clearly observed (Figure. 

6). These data support the hypothesis that hydrophobic 

exposure is caused mainly by the active site, and thus, L- 

DOPA accessibility for docking copper ions was 

influenced by OA-induced regional changes of active site 

shape resulting in Km changes. If the OA-induced 

changes do not originate from the active site, but directly 

occur on its docking site, the overall intrinsic fluorescence 

changes might be conspicuous at less than 100 mM OA; 

otherwise, they mainly originate from the active site, 

which is monitored by hydrophobicity. 

To calculate binding affinity, a double reciprocal plot 

was evaluated according to Equation. (4) as shown in 

Figure. 7C. The results did not reveal a linear relationship. 

We calculated the binding constant to be K = 0.16 ± 0.02 

mM-1 and the binding number to be n = 1.02 ± 0.12 using 

Equation. (5). Thus, OA showed relatively strong binding 

affinity for tyrosinase in the absence of substrate, and 

one possible binding site was observed when L-DOPA 

was not associated with the reaction. 

 

 
DISCUSSION 

 
Previous studies have recognized an apparently potent 

inhibitory effect of compounds with carboxyl groups on 

tyrosinase (Yokota et al., 1998; Shiino et al., 2001, 2003; 

Kim et al., 2006; Kanade et al., 2007; Yan et al., 2009; 

Yamazaki et al., 2009). In this context, we hypothesized 

that OA could be a potent tyrosinase inhibitor due to its 

structure, which includes two carboxyl groups. To confirm 

our hypothesis, we simulated the docking between OA 

and tyrosinase and conducted kinetic studies. As a result, 

we found that OA was directly involved in tyrosinase 

inhibition not simply via copper chelation, but in a mixed- 

type manner. The inhibitory mechanism of OA was similar 

to those of copper chelators, but OA did not directly bind 

to coppers at the active site (Park et al., 2006a,b). OA 

induced inhibition in a complex manner by binding to the 

region near the active site, which directly induced 

changes in the active site structure. Using computational 

simulations, we predicted that OA that was bound directly 

to several residues (the most significant being LYS224) of 

tyrosinase. These residues are thought to be involved in 

the first stage of OA binding. Although the OA binding site 

is quite different from the L-DOPA binding site, it does not 

overlap with the L-DOPA binding site. However it is in 

relatively close proximity to the L-DOPA binding site, 

which may allow OA binding to interact with the enzyme- 

substrate intermediate or another step in catalysis (Vmax 

changes). This interaction may induce detectable 

hydrophobic changes in the active site that may in turn 

retard L-DOPA accession (Km changes). 

The principal findings of our study include the 

following: i) OA binding to tyrosinase causes a mixed- 

type of inhibition; ii) OA inhibition of tyrosinase does not 

involve gross changes in tertiary structure at lower than 

100 mM, but hydrophobic exposure occurs; iii) putative 

OA-binding residues were successfully predicted using a 

computational simulation (docking) located near the 

active site pocket; and iv) further studies of OA containing 

carboxyl groups as tyrosinase inhibitors may lead to the 

development of a new strategy for screening effective 

tyrosinase inhibitors. 

Taken together, our study provides new insights into 

the roles of active site residues in tyrosinase catalysis 

and provides useful information regarding the 3D 

structure of tyrosinase. A combination of inhibition 

kinetics and computational modeling may facilitate the 

testing of potential tyrosinase inhibitors, such as OA, and 

the prediction of their inhibitory mechanisms. The present 

study also suggests that the strategy of predicting 

tyrosinase inhibition based on carboxyl groups and 

orientation may prove useful for the screening of potential 

tyrosinase inhibitors. 
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