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Mushroom tyrosinase (MT) was considered a good model for studying the inhibition, activation, and 
mutation of tyrosinase as the key enzyme of melanogenesis. In the present study, the activity, structure, re-
duction, and stability of native and modified enzymes were investigated after the modification of MT carbox-
ylic residues by the Woodward reagent K (WRK). The relative activity of the sole enzyme was reduced from 
100 to 77.9, 53.8, 39.4, and 26.4% after its modification by 2.5, 5, 25, and 50 ratios of [WRK]/[MT], respec-
tively. The Tm values were calculated from thermal denaturation curves at 61.2, 60.1, 58.3, 53.9, and 45.5°C 
for the sole and modified enzymes. The reduction of the ∆GH2O values for the modified enzyme in chemical 
denaturation indicated instability. A structural study by CD and intrinsic fluorescence technique revealed 
the fluctuation of the secondary and tertiary structures of MT. 
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Исследованы активность, структура и стабильность природных и модифицированных K-ре-
агентом Вудворда (WRK) карбоновых остатков грибной тирозиназы (MT). Относительная актив-
ность уменьшилась с 100% для природного фермента до 77.9, 53.8, 39.4 и 26.4 % для его модифика-
ций при соотношении [WRK]/[MT] = 2.5, 5, 25 и 50 соответственно. По кривым термической дена-
турации для природных и модифицированных ферментов вычислено Tm

 = 61.2, 60.1, 58.3, 53.9 и 
45.5 °C. Уменьшение ∆GH2O при химической денатурации модифицированного фермента указывает 
на его нестабильность. Структурное исследование методами кругового дихроизма и собственной 
флуоресценции выявило флуктуацию вторичных и третичных структур МТ. 

Ключевые слова: модификация, грибная тирозиназа, K-реагент Вудворда, кинетика, структура. 
 
Introduction. Mushroom tyrosinase (E.C. 1.14.18.1), as a polyphenol oxidase, is a multifunctional 

copper-containing enzyme from the oxidase superfamily. It is widely distributed in microorganisms, plants, 
and animals [1]. It plays a key role in melanin biosynthesis through the catalysis of two disparate reactions: 
the hydroxylation of monophenols (cresolase or monophenolase activity) and the oxidation of o-diphenols 
(catecholase or diphenolase activity) into reactive o-quinones [2–4]. Modification is a good method to rec-
ognize the role of residues in the structure and function of proteins. The polar amino acids, such as gluta-
mate, aspartate, lysine, arginine, histidine, serine, tyrosine, methionine, and tryptophan, can be modified by 
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chemical reagents. The affinity of amino acids for participating in the reactions depends on environmental 
conditions like pH, the ionic power, the buffer type, and the nucleophilicity features [5]. The amino acid 
side-chains that participate in the enzymatic activity are usually accessible to the solvent and can be modi-
fied by the reagents that are especially accessible to proteins. Sometimes, according to the specific environ-
ment of the active site, we can design specific reagents. Chemical modification in the absence and presence 
of a ligand is a suitable method to recognize the side-chains of the amino acids’ active sites [6]. In enzymes, 
the catalytic amino acid side-chains can be selectively modified by using the suicide substrates, and these 
can result in enzyme inactivity. The modification of amino acid side-chains plays an important role in an 
enzyme’s catalytic activity [7]. MT has 576 residues, which can be divided into two parts. The residues 
numbering 1–392 form the chain part, and those numbering 393–576 form the propeptide part, which disap-
pears in the mature form of MT. In the sequence of MT, the residues numbering 61, 85, and 94 are the bind-
ing sites of copper I (Cu1+), and those numbering 259, 263, and 296 are the binding sites of copper II (Cu2+). 
The mature MT includes 52 aspartic acid and glutamic acid residues in its sequence. The residues numbering 
47, 50, 269, 273, 289, and 300, which are aspartic acid, and the residues numbering 67, 98, 102, and 256, 
which are glutamic acid, are located near the histidine residues of the MT active sites [8, 9]. The modifica-
tion of these carboxyl groups by WRK causes enzymatic inactivation and the partial unfolding of the MT 
structure, leading to its instability.  

Several studies have been done on the amino acid residues to reveal their respective roles in the function 
of enzymes. The modification of Tyr62 in lysozyme with N-bromosuccinimide caused a decrease in the cata-
lytic velocity (Kcat) of the enzyme [10]. In the other investigations, the role of different catalytic groups was 
considered by the modification of residues e.g., the conversion of –SH to –OH in cysteine residues in the 
active site of papain [11], the conversion of –OH to –SH in subtilisin [12, 13] and trypsin [14], and the con-
version of COOH to CONH2 in lysozyme [15]. The modification of the histidine residue with diethylpyro-
carbonate (DEP) in 2,3-dihydroxyphenylalanine decarboxylase revealed the importance of the histitidyl resi-
due in the diethylpyrocarbonate activity in 2,3-D-hydroxyphenylalanine [16]. Also, the histitidyl residues in 
deoxynucleotide kinase bacteriophage T4 were altered with two modifiers, including DEP and pyridoxal-5-
phosphate. In addition, the reduction of enzymatic activity and the inhibition of enzyme even in high concen-
trations of modifiers have been reported [17]. The Na+ channel in single myelinated nerve fibers was irre-
versibly inhibited after the modification of methionine residues by some reactive reagents, including N-
bromoacetamide, N-bromosuccinimide, chloramine-T, and N-chlorosuccinimide [18]. To continue the pre-
vious studies on the activity, stability, and structure of MT [19–21], we modified the MT by WRK and 
measured its activity, stability, and structural changes in this study to reveal the importance of the role of 
aspartic and glutamic acid residues in the enzyme. 

Experiment. MT (EC 1.14.18.1) with a specific activity of 3,400 units/mg and WRK were bought from 
Sigma (Sigma-Aldrich). L-Dopa was bought from Merck, Germany. The buffer used in the assay and dialy-
sis was 50 mM PBS, pH 6.8, with the salts obtained from Merck. All the experiments were carried out in 
20°C, and the solutions were prepared in doubly distilled water. 

The carboxyl groups of MT were altered by WRK, a typical carboxyl group modifier, which was used 
to conduct the substrate kinetic reaction by using a 50-mM PBS (pH 6.8), incubated for an hour at 25ºC and 
dialyzed by PBS in a sequential process for 48 h. The [WRK]/ [MT] ratios were 2.5, 5, 25, and 50. 

The kinetic assays of catecholase were carried out by a Cary spectrophotometer, a 100 bio-model with 
jacketed cell holders. Freshly prepared enzyme and substrate solutions were used in this work. All enzymatic 
reactions were run in PBS (50 mM) at pH 6.8 in a conventional quartz cell thermostated to maintain the tem-
perature at 20°C. Selected conditions of solvent, buffer, pH, temperature, and enzyme concentration were 
applied to assay the oxidase activity of MT according to the previous studies [22, 23]. In the catecholase re-
actions, the oxidation of L-Dopa was measured in 475 nm for 3 min using 40 units of MT in each reaction. 
The enzyme was modified using 2.5, 5, 25, and 50 ratios of [WRK]/[MT]. 

The stability of the enzyme under thermal stress conditions can be studied by internal fluorescence and 
an enzyme solution of 0.2 mg/ml for the native and modified MT. The excitation wavelength was 280 nm, 
the maximum emission intensity wavelength was obtained at 340 nm, and the thermal scan was performed in 
10–90°C. The chemical denaturation of the native and modified MT was carried out for enzyme titration 
using the titration of guanidine hydrochloride (GndHCL) as the denaturant. The thermal and chemical dena-
turation curves of the native and modified enzyme are depicted in Figs. 2 and 3. The magnitudes of the dena-
turation’s Gibbs free energy (ΔG°) as a criterion of the conformational stability of a globular protein are 
based on the two-Pace-state theory, as follows: 
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Native (N) Denatured (D)                                                         (1) 

Considering the two-state mechanism for chemical and thermal denaturation of an enzyme and from the 
analysis of sigmoidal curves, the denatured fraction of enzyme (Fd) and the equilibrium constant (K) can be 
determined by monitoring the changes in the absorbance or the fluorescent thermal intensity, as presented 
below:   

Fd = (YN – Yobs)/(YN – YD),          (2) 

K = Fd/(1 – Fd) = (YN – Yobs)/(Yobs – YD)          (3) 

where Yobs is the observed variable parameter (e.g., absorbance or thermal intensity) and YN and YD are the 
values of Y characteristics of fully native and denatured conformation respectively. The standard ΔG° change 
for the enzyme denaturation is given by the following equation: 

ΔG = –RTlnK,          (4) 

where R is the universal gas constant and T is the absolute temperature. ΔG° varies linearly with the denatur-
ant concentration [GndHCL] and temperature (T) over a limited region 

ΔGo = ΔGH2O
o – m[denaturant],        (5) 

ΔGH2O
o is the free energy of conformational stability in the absence of a denaturant, and m is the dependence 

value of ΔG° on the denaturant concentration. The standard Gibbs free energy of enzyme denaturation at 
25C (ΔG25C) can be obtained by the Pace analysis equation (5) [24]. The magnitudes of ΔG25C and ΔGH2O 

are the most important criteria of the enzyme conformational stability in the chemical and thermal denatura-
tion process, respectively. 

In chemical denaturation, [GndHCL]1/2 is the denaturant concentration needed for the enzyme to un-
dergo half of its two-state transition. In thermal denaturation, the protein melting point (Tm) is the tempera-
ture needed for the enzyme to undergo half of its two-state transition. Table 1 summarizes the magnitudes of 
ΔG25C, ΔGH2O, [GndHCl]1/2, and Tm, determined from the re-plots.  

Intrinsic fluorescence analysis by the Stern–Volmer equation. The fluorescence intensities were re-
corded using a Cary Eclipse spectrofluorimeter at an excitation wavelength of 280 nm, and the maximum 
emission wavelength was 340 nm. A series of modified MT solutions was prepared with 2.5, 5, 25, and 50 
ratios of [WRK]/[MT] in the 50-mM PBS. The equilibrium between the free and bound ligands (WRK) is 
given by the following equation to evaluate the type of binding interaction [25]: 

F0/F = 1 + KSV[Q],                                                                  (6) 

where F0 and F are the relative steady-state fluorescence intensities in the absence and presence of a 
quencher, Q is the quencher (ligand) concentration, and the values for KSV can be derived from the intercept 
and plot slope based on the above equation. 

Circular dichroism measurement. The far UV region (190–260 nm) corresponding to the secondary 
structure of MT was analyzed through an Aviv model 215 spectropolarimeter (Lakewood, USA). The far 
UV spectra of MT were studied at the 0.2 mg/mL concentration with a 1-mm path-length quartz cell. Modi-
fied enzyme solutions were prepared in the 50-mM PBS at pH 6.8. The ellipticity of the enzyme solutions 
was obtained in the [WRK]/[MT] ratios of 2.5, 5, 25, and 50. All spectra were collected in triplicate from 
190 to 260 nm, and the background was corrected against a buffer blank. The data were smoothed by the 
application of software, including the fast Fourier-transformed noise-reduction routine, which allows the 
enhancement of the most noisy spectra without distorting their peak shapes. 

Results and discussion. According to Fig. 1, the relative activity analysis through the catecholase reac-
tion showed a decrease in the enzymatic activity from 100% for the native MT to 77.9, 53.8, 39.4, and 
26.4% for the MT modified by 2.5, 5, 25, and 50 ratios of [WRK]/[MT], respectively, and 1 mM L-Dopa as 
the substrate. 

The sigmoid curves (Fig. 2a) show the MT’s thermal denaturation for the native enzyme and for the one 
modified with different [WRK]/[MT] ratios (2.5, 5, 25, and 50). The thermodynamic parameters related to 
the enzyme’s stability – the melting point (Tm) and Gibbs free energy (∆G25°C) – were calculated according 
to the previous equations. The curves were derived from the thermal denaturation sigmoid curves for the 
native and modified forms of the enzyme (Fig. 2b). The Tm and ∆G25°C values for the native and modified 
enzyme are shown in Table 1. The chemical denaturation was performed in an optical density (OD) of 
280 nm and 0.2 mg/mL of the enzyme solution, which was titered with GndHCL (8 M stock solution) as 
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a chemical denaturant at 20°C. The chemical denaturation of the native and modified enzyme is depicted 
in Fig. 3a. The thermodynamic parameters – half of the denaturation concentration (Cm) and the Gibbs free 
energy (∆GH2O) – according to the previous relationships, and the curves (Fig. 3b) derived from the chemical 
denaturation sigmoid curves, have been calculated and are shown in Table 1. 

 
 Relative Activity, % 
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Fig. 1. Relative activity of native and [WRK]/[MT] ratios (2.5, 5, 25, and 50)  
through catecholase reaction and 1 mM L-Dopa as substrate. 
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Fig. 2. Thermal denaturation profiles of MT obtained from intrinsic fluorescence intensity in 340 nm  
emission  wavelength  with  temperature   scanning  (a)  and   linear  secondary   plots  for  obtaining  
the  thermodynamic  parameters  ΔG25C   and  Tm  (b)  for  native  (◊)  and  modified  enzymes  with 

[WRK]/[MT] = 2.5 (), 5 (∆), 25 (×), and 50 () 
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Fig. 3. Chemical denaturation profiles of MT obtained from GnHCl titration (a) and linear secondary plots 
for obtaining  ΔGH2O

  and  Cm
  as  thermodynamic  parameters  (b)  for native  (◊)  and  modified  enzymes  

with [WRK]/[MT] = 2.5 (), 5 (∆), 25 (×), and 50 ().   
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TABLE 1. Thermodynamic Parameters of Native and Modified MT 
 

Chemical denaturation Thermal denaturation [WRK]/[MT] 
[GndHCL]1/2, M ΔG0

H2O, kJ/mol Tm, C ΔG0
25 C, kJ/mol 

Native 8 17.22 61.2 19.37 
25 7.5 16.7 60.1 18 
5 6.6 15 58.3 15.7 

25 10.2 13.7 53.9 10.4 
50 8 11.5 42.5 8.5 

 
The results of the fluorescence emission in Fig. 4a were referred to the tertiary structure of MT in its na-

tive and modified forms. Here, the set of curves shows that the intensities of the intrinsic fluorescence of MT 
decreased gradually with increase in the [WRK]/[MT] ratio. The Stern–Volmer curve (Fig. 4b) is also drawn 
for the determination of the quenching type. The curve is dynamic. The CD study in the far-UV region (far-
UV-CD) from 190 to 260 nm, which is the peptide-bond-absorbtion region, was done by a spectropola-
rimeter. For the study of the secondary structure of MT at a 0.2 mg/mL concentration, in the 50 mM PBS 
buffer, and pH 6.8, the spectra obtained with a repetition of three times and re-formed against the buffer as a 
blank by special software to decrease the noise via Fourier transform became smooth. In Fig. 5, the results 
are presented at elipticity  (mdeg) for native and modified enzymes. According to Fig. 4, the internal fluo-
rescence spectra of MT gradually decreased with increment of the [WRK]/[MT] ratio, revealing the changes 
in the microenvironment of tryptophan and tyrosine residues and the quenching of these chromophores. By 
the excitation of MT in 280 nm, the tryptophan and tyrosine residues were exposed and influenced. Then, the 
tertiary structure of the enzyme was transformed [26]. CD is exhibited in the absorption bands of optically 
active chiral molecules. The CD spectra of modified MT, compared to the native form in Fig. 5, show a mi-
nor change of regular secondary structures of modified MT. The overall modification of MT by WRK not 
only reduced the enzyme activity but also led to structural and thermodynamic instability. The previous in-
vestigations have reported the chemical modification of carboxyl groups with a carbodiimide reagent and 
isoxazolium salts (WRK) [27, 28]. Isoxazolium salts, especially N-ethyl-5-phenylisoxazolium-3-sulfonate 
(WRK), can be used for the chemical modification of acidic amino acids, aspartate, and glutamate [29]. The 
reaction mechanism of WRK has been reported in [30]: its reaction with carboxyl groups produces enol es-
ter. It is suggested that MT has two active sites. One of these is for substrate binding, and the other one, 
which is near the first site, is for the binding of the modifier or ligand [31]. The chemical modification of 
aspartate and glutamate residues in the MT structure via the reaction of WRK with their carboxyl groups 
involves the separation of a proton (H+) from the reagent with a base or water molecule and the formation of 
a very active and irreversible intermediate, ketoketenimine. From the structural aspect, this intermediate is 
a carbodiimide that reacts rapidly with carboxyl groups  of MT  and  produces  an  enol  ester  that  increases  
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Fig. 4. Intrinsic fluorescence intensity of  MT with the concentration of 0.2 mg/mL in the excitation  
wavelength of 280 nm and emission range of 300–450 nm for the native and modified enzymes (a);  

 Stern–Volmer plot for quenching type determination (b). 
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Fig. 5. Far UV-CD spectra for native and modified enzymes. 
 
the maximum absorption at 340 nm [32–36]. The modification of Tyr62 in lysozyme by N-bromosuccini-
mide (NBS) not only causes an extreme reduction in binding ability, but also reduces the enzyme’s catalytic 
velocity (Kcat) [10]. The thermodynamic denaturation of enzymes is the basic principle of MT stability. The 
denaturation of proteins is a process during which the native forms of the macromolecule change without the 
destruction of the primary covalent bonds. That is, in this process, the primary structure of the macromole-
cule (amino acid sequence) does not change but its conformation (3D building) does [37]. For the study of 
the tertiary structure, the effect of WRK on the intrinsic emission fluorescence of MT was studied. With in-
crease in the modifier concentration, the fluorescence intensity decreased in all the samples. Because of the 
modifier interaction with the amino acids glutamate and aspartate, there was a change in the conformation. 
With changes in the conformation, the tryptophan residues were exposed and quenched by the WRK, so that 
the emission intensity decreased. This decrease in emission intensity demonstrated a change in the confor-
mation and an instability of the modified enzyme. The quenching mechanism is usually classified as dy-
namic (collisional encounter between the fluorophore and quencher) or static (formation of a nonfluorescent 
ground state complex) [38], as shown in the Stern–Volmer curve (Fig. 4b). This curve is exponential; so, the 
type of interaction of the modifier with the binding site is dynamic. This means the modifier bound to the 
binding site was then separated, causing partial changes in the conformation of the modified enzyme and 
decreasing its activity, function, and stability. 

As illustrated in Fig. 5, the values of the regular secondary structure (α-helix and β-sheet) were obtained 
by CD. With increase in the modifier concentration, the ellipticity values shifted toward the positive side, 
i.e., there was a decrease in the regular secondary structures. But here this decrease is not meaningful. So the 
WRK caused minor changes in the MT’s secondary structures. A lot of investigation have been conducted 
into the different residues of proteins and enzymes modified by different chemical components. In this study, 
the aspartic and glutamic acid residues in MT were modified by WRK, and the results from the kinetic study 
showed a decrease in the activity and function of modified enzymes compared to the native form. Also, the 
internal fluorescence spectra in Fig. 4a show a change in the tertiary structure of the modified MT. This 
change in structure causes a decrease in the activity, function, and stability of the modified MT compared 
with the native form. The thermodynamic studies of the enzyme through chemical and thermal denaturation 
determined the magnitudes of Tm and ΔG for the native and modified enzymes. The results showed that the 
modified form of MT is unstable compared to the native MT. The results of this study show the importance 
of aspartic and glutamic acid residues in the activity, function, structure, and stability of MT. Like this study, 
several studies have reported that WRK reacts with the carboxylic groups of many proteins and enzymes 
with the appearance of a new absorbance peak at 330–350 nm. Moreover, the modification of proton ATPase 
from rhodospirillum rubrum [39] and the inactivation of acylphosphatase by its modification with WRK 
have been reported [40]. The conformational changes of phosphoglycerate kinase were obtained by WRK 
concomitant with the enzyme’s modification [41]. The modification of endoglucanase D from Clostridium 
thermocellum by WRK resulted in more than 95% inactivation [42]. The modification of xylanase from alka-
lophilic Bacillus sp. by WRK showed almost 85% inactivation with the modification of two carboxylate 
groups. The substrate xylan protected the enzyme from inactivation, confirming that the carboxylate residues 
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are in the active site. The Vmax value of the modified xylanase decreased compared to the native form, while 
the Km remained the same as the native, indicating the importance of carboxylate residues in the cataly-
sis [43]. The investigation by Asthana et al. has shown the structure–activity relationships of two hydroxy-
coumarins with a hydroxy substituent on the aromatic ring of the molecule and their interactions with MT. In 
the maximum concentration, 88% inhibition has been reported [44]. In the study by Lin Gou et al. [45], the 
tyrosinase was altered by two modifiers, DEP and bromoacetate, and the inactivation of tyrosinase by DEP 
and the reversible inactivation of enzyme by BrAce were reported. 

Conclusion. The overall modification of MT by WRK not only reduced the enzyme’s activity but also 
led to its structural and thermodynamic instability. The results of this study have shown the importance of 
aspartic and glutamic acid residues in the activity, function, structure, and stability of MT. Generally, the 
chemical modification of the carboxylic acid group of MT by WRK reduces the activity and stability of the 
modified enzyme compared with the native form and ascertains the role of the mentioned residues in MT’s 
sequence. 
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