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Abstract 

We performed an analysis using isoelectric focusing to comprehensively clarify the isozyme composition of laccase 
derived from Japanese lacquer tree, Toxicodendron vernicifluum. When water extracts of acetone powder obtained 
from lacquer were subjected to isoelectric focusing, five bands within pI 7.35–9.30 and nine bands within pI 3.50–5.25 
were detected using Coomassie staining. Similarly, laccase activity staining using guaiacol showed five bands within 
pI 7.35–9.30 and three bands within pI 3.50–4.25. However, laccase activity staining using gallic acid showed remark-
able staining within pI 3.50–5.85, whereas staining was very weak within pI 7.35–9.30. When the water extracts of 
acetone powder were fractionated into the fractions containing bands within pI 7.35–9.30 and pI 3.50–5.85 by SP-
Sepharose column chromatography, the former had a blue color and the latter a yellow color. The laccase activity was 
measured for each of the fractions in buffer solution in the pH range of 2.5–8.0. When syringaldazine, guaiacol, and 
2,6-dimethoxyphenol were used as substrates, the yellow fraction showed considerably higher activity than the blue 
fraction for pH 5.5–7.5. When 3-methylcatechol and 4-methylcatechol were used as substrates, the yellow fraction 
showed higher activity for pH 4.5–6.5, and the blue fraction showed higher activity for pH 7.0–8.0. When 2,2′-azino-
bis(3-ethylbenzothiazoline-6-sulfonic acid) was used as the substrate, both fractions showed maximum activity at 
optimum pH of 3.0–4.0. Conventionally, in research on blue laccase derived from lacquer, the non-blue fraction cor-
responding to the yellow fraction lower than pI 6 has been removed during the purification process and thus has not 
been analyzed. Our results indicated that yellow laccase was present in the non-blue components of lacquer and that 
it may play a role in urushiol polymerization with previously reported blue laccase.
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Introduction
The Japanese lacquer tree (Toxicodendron vernicifluum 
(Stokes) F. A. Barkl.) is one of the family Anacardiaceae 
that is widely distributed in East Asia [1]. Lacquer is resin 
and sap extracted from lacquer trees and has been used 
since Jomon Period as paint for cultural assets and lac-
quer wares in Japan, making it a natural material of cul-
tural and social significance [2, 3].

The components of lacquer include urushiol, water, 
plant gum, water-insoluble glycoproteins, and enzymes 
(laccase, peroxidase, and stellacyanin) [4, 5]. Urushiol is 
a generic term for catechol derivatives with an alkyl side-
chain that has 15 or 17 carbon atoms at C-3 of the ben-
zene ring; and more than ten types have been reported 
with different side-chain structures [4, 5]. Laccase (Lac) 
is a phenoloxidase and is found widely in plants such as 
lacquer trees, fungi such as white-rot fungi, and bacteria 
[6]. Lacquer hardens and dries to form a film, as a result 
of urushiol becoming oxidatively polymerized by Lac [4, 
7], and functions as a coating material [8]. Because dry-
ing and hardening properties are used as indicators of 
lacquer quality, Lac has a direct effect on quality [9].
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Lacquer Lac was the first multicopper oxidase dis-
covered and has been studied in detail in regard to 
the catalytic mechanisms, functions, properties, and 
structures of the isolated enzyme [10]. In recent years, 
detailed analyses of the carbohydrate structure and 
gene structure of Lacs have been reported [11, 12]. 
These studies have focused on two to three Lacs with pI 
8–10 purified using Reinhammer’s method [13]. How-
ever, comprehensive isozyme composition and diversity 
of lacquer Lac remain to be clarified.

In contrast, a wide variety of Lacs have been reported 
in white-rot fungi [6]. In addition, in white-rot fungi, 
ligninolytic oxidizing enzymes, including Lac, are 
known to have many isoenzymes with the same molec-
ular weight but different pIs and these have been ana-
lyzed using isoelectric focusing and two-dimensional 
electrophoresis [14, 15].

In this study, we performed a comprehensive analy-
sis of Lac isozymes derived from Japanese lacquer tree 
using isoelectric focusing.

Materials and methods
Samples
Four samples were used, consisting of “Hatsu-urushi” 
lacquer collected between mid-June and mid-July 2018 
and “Sakari-urushi” lacquer collected between late July 
and late August, in Ninohe, Iwate Prefecture and Iida, 
Nagano Prefecture.

Preparation of crude Lac enzymes
Ten milliliters of each lacquer sample was collected in 
a 50-mL centrifuge tube, and to this was added 30 mL 
of cooled acetone and mixed well. After remain-
ing standing for three days at − 20  °C, the samples 
were then centrifuged in a refrigerated centrifuge 
(13,000 rpm × 10 min), and the precipitate was washed 
with acetone until the supernatant became colorless. 
The precipitates were then collected and dried at 6  °C 
for 3 days to obtain acetone powder. To this was added 
15 mL of distilled water, and extraction was performed 
in a shaker overnight. After centrifugation to remove 
insoluble matter, 500  g/L of ammonium sulfate was 
added to the solution, and the mixture was stirred. The 
solution was again centrifuged to collect blue super-
natant, to which ammonium sulfate was added until 
saturation reached 100% (767  g/L). The sample was 
centrifuged, and the supernatant removed to collect 
blue precipitate. To the blue precipitate, 5  mL of dis-
tilled water was added and dissolved, and after being 
desalted with a PD-10 column, the sample was concen-
trated using VIVA SPIN.

Fractionation of Lac
SP-Sepharose was packed in a column (1  cm × 10  cm) 
and equilibrated with phosphate buffer (pH 6.0, 
10  mM). After crude Lac enzymes were added to the 
column, 30  mL of the same phosphate buffer was 
added, and the eluate was collected (yellow fraction). 
Then, 20 mL of phosphate buffer (pH 6.0, 300 mM) was 
added and the eluate was collected (blue fraction).

Electrophoresis
Isoelectric focusing was performed using CleanGel IEF 
and Pharmalyte, broad range pH 3.0–9.5, according to 
the manufacturer’s instructions (Cytiva, Tokyo, Japan).

Staining of the gel
Proteins separated in the gel were stained using 
Coomassie Blue R 250. Guaiacol (GU) and gallic acid 
were used for Lac activity staining.

Measurement of enzymatic activities
The Lac activity was determined by preparing sepa-
rate reaction solutions for the different substrates as 
described below, and measuring the changes in absorb-
ance resulting from substrate oxidation within 1 min at 
25 °C. For GU, 100 mM solution (in 20% ethanol solu-
tion), and for syringaldazine (SA), 1  mM solution (in 
100% ethanol), were prepared. For 3-methylcatechol 
(3MC), 4-methylcatechol (4MC), and 2,6-dimethoxy-
phenol (2,6-DMP), 10  mM aqueous solutions were 
prepared. For 2,2′-azino-bis(3-ethylbenzothiazoline-
6-sulfonic acid) (ABTS), 40 mg/L aqueous solution was 
prepared. As a buffer solution, McIlvaine buffer (pH 
2.5–8.0) was used [16]. The samples for which enzyme 
activity was measured contained 365 μL of buffer solu-
tion, 25  μL of the substrate solution, and 10  μL of 
enzyme sample. Absorbance was measured at wave-
lengths of 414  nm for ABTS, 525  nm for SA, 460  nm 
for GU and 477  nm for 2,6-DMP [17]; absorbance for 
3MC was measured at 430 nm and 4MC at 400 nm as 
described in "Results".

Instruments
Multiphor II (Cytiva) was used for electrophoresis. An 
UV–VIS recording spectrophotometer UV-2400PC 
(Shimadzu, Kyoto, Japan) was used to measure the 
enzymatic activity and UV–VIS spectra of lacquer Lac.

Results
Preparation of crude Lac enzymes
Acetone powder was prepared from each lacquer sam-
ple, which was mixed with distilled water to obtain a 
crude Lac enzyme solution. Table 1 shows the locations 
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where the samples were collected, the timings of sam-
ple collection, the amounts of samples used, acetone 
powder yields, the total Lac activities, and the activities 
per gram of acetone powder. Acetone powder yield and 
Lac activity varied among the samples.

Isoelectric focusing
The results of isoelectric focusing on the four crude Lac 
enzyme samples are shown in Fig.  1. Using Coomas-
sie staining, five bands were detected within pI 7.35– 
and 9.30 and nine bands within pI 3.50–5.20. Similarly, 

when isoelectric focusing was performed, and Lac activ-
ity was determined using GU for 30 min, five bands were 
detected within pI 7.35–9.30 and three bands within 
pI 3.50–4.25. All five bands detected within pI 7.35–
9.30 were found to be Lac. However, of the nine bands 
detected within pI 3.50–5.20, Lac activity was only found 
in three bands within pI 3.50–4.25.

Regarding the results of isoelectric focusing, the color 
development was weak in all bands of Sample 1, which 
had a low total Lac activity (Table 1); however, the posi-
tions and relative intensities of bands were the same in 
all four samples. These results suggest that the type and 
composition of isozymes and their compositional ratios 
were similar among all four samples.

In addition, Lac activity staining using gallic acid, fol-
lowing isoelectric focusing of crude Lac enzymes, showed 
remarkable color development in the bands within pI 
3.50–5.85, whereas color development was very weak in 
the five bands within pI 7.35–9.30 (Fig. 2). These results 
showed that Lac with pI 7.35–9.30 and pI 3.50–5.85 had 
different character on their enzymatic activity.

Spectral changes of 3MC and 4MC oxidized by Lac
Various aromatic compounds, such as SA, 2,6-DMP, and 
GU, have been used for measuring Lac activity. In addi-
tion to these compounds, two others were used as sub-
strates in this study: 3MC, which has a similar chemical 
structure to urushiol; and 4MC, which has a similar 
chemical structure to thitsiol. First, 3MC and 4MC were 
oxidized with Lac to measure their spectral changes 
during the color development process. Color develop-
ment by oxidation of 3MC showed a spectrum with a 
maximum value at 430 nm, and of 4MC a maximum at 
400 nm (Fig. 3). Accordingly, Lac activity was assayed by 
measuring absorbance at 430 and 400 nm for 3MC and 
4MC, respectively.

Activity of crude Lac enzymes
The activity of crude Lac enzymes extracted from acetone 
powder was measured in McIlvaine buffer of pH 2.5–8.0 
[16]. The results for using ABTS, SA, and 2,6-DMP as 
substrates are shown in Fig. 4a, and for 3MC, 4MC, and 

Table 1  Preparation of crude laccase from lacquer tree

Sample no. Sampling locations Timing of harvest Amount 
of lacquer 
(g)

Acetone 
powder yield 
(g)

Total Lac 
activity (mAbs/
min)

Lac activity per gram 
of acetone powder 
(mAbs/min)

1 Ninohe in Iwate Late July–late August in 2018 34.9 0.81 568 706

2 Ninohe in Iwate Mid-June–mid-July in 2018 38.0 2.58 1679 651

3 Iida in Nagano Mid-June–mid-July in 2018 38.6 1.51 1541 1020

4 Iida in Nagano Late July–late August in 2018 39.5 1.98 2972 1501

Fig. 1  Isoelectric focusing of water-soluble extracts from acetone 
powder prepared from the lacquer: a stained with Coomassie Blue R 
250; b stained with guaiacol. 1, low pI marker; 2, high pI marker. Lanes 
3 to 10 are samples in Table 1. 3, Sample No. 1 in Table 1; 4, No. 2; 5, 
No. 3; 6, No. 4; 7, No. 1; 8, No. 2; 9, No. 3; 10, No. 4
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GU in Fig.  4b. The optimum pHs for Lac activity were 
pH 3.0–4.0 for ABTS, pH 6.0–8.0 for SA, and pH 6.0–7.0 
for 2,6-DMP. When 3MC, 4MC, and GU were used as 
substrates, Lac activity was high at pH 5.0–8.0. ABTS 
showed high Lac activity in acidic conditions, whereas 
the other substrates showed high Lac activity in the neu-
tral to weakly alkaline conditions.

Fractionation of crude Lac enzymes
As shown in the results described above (Fig. 2), Lac with 
pI 7.35–9.30 and pI 3.50–5.85 had different character on 
their enzymatic activity. For analysis of the difference 
between these two enzymes, crude Lac was fractionated 
as follows. The Lac samples were separated by SP-Sepha-
rose column chromatography into two fractions: one 
containing Lac with pI 7.35–9.30 (exhibiting a blue color) 
and one with pI 3.50–5.85 (exhibiting a yellow color) 
(Fig. 5). The blue fraction showed maximum absorption 
at around 600 nm—a characteristic of blue Lac; whereas 
no maximum absorption was observed around 600  nm 
for the yellow fraction (Fig. 6).

Isoelectric focusing of the fractionated samples
The blue and yellow fractions were subjected to isoelec-
tric focusing, and the results of Coomassie staining and 
Lac activity staining by GU are shown in Fig. 5. Coomas-
sie staining showed that the blue fraction contained 
bands within pI 7.35–9.30, and the yellow fraction con-
tained bands within pI 3.50–5.85. When the duration 
of GU staining was extended to over an hour, the Lac 
activity was confirmed widely, corresponding to multiple 
bands within pI 4.25–5.85 in addition to three bands near 
pI 4 (Fig.  1b). These results suggested that characteris-
tics of Lac activity differed between the blue and yellow 
fractions.

Lac activity of the fractionated samples
To compare characteristics of Lac activity between the 
blue and yellow fractions, Lac activity was measured for 
each of the substrates within the range of pH 2.5–8.0 
(Fig.  7). For comparison of Lac activity of these 2 frac-
tions working in lacquer, Lac activity contained in the 
same amount of lacquer was assayed.

When 3MC was used as the substrate, the yellow 
and the blue fractions exhibited the highest Lac activ-
ity at pH 6.0 and 8.0, respectively. At pH 4.5–6.0, the 
yellow fraction showed higher activity than the blue 
fraction, and the blue fraction showed higher activity 
than the yellow at pH 7.0–8.0. For SA, the yellow frac-
tion showed maximum Lac activity at pH 6.5 and the 
blue fraction at pH 8.0. In the range of pH 5.0–7.5, the 
yellow fraction showed higher activity than the blue 
fraction. For 2,6-DMP, the yellow fraction showed 

Fig. 2  Isoelectric focusing of water-soluble extracts from acetone 
powder prepared from the lacquer: a stained with Coomassie Blue R 
250; b stained with gallic acid. 1, high pI marker; 2, low pI marker; 3, 
Sample No. 4 in Table 1; 4, No. 3
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Fig. 3  Spectra change of 3-methylcatechol and 4-methylcatechol oxidized by laccase. Spectral changes were recorded at intervals of 2 min. a 3MC; 
b 4MC
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Fig. 4  Laccase activity of water-soluble extracts from acetone powder prepared from the lacquer. a Yellow line shows laccase activity measured 
with ABTS; blue line, SA; gray line, 2,6-DMP. b yellow line, 4MC; blue line, 3MC; gray line, GU
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maximum Lac activity at pH 7.0 and the blue fraction 
at pH 8.0. The yellow fraction showed higher activity at 
pH 4.5–7.5 than the blue fraction. For 4MC, the yellow 
fraction showed maximum Lac activity at pH 5.0–6.0, 
and the blue fraction at pH 8.0. The yellow fraction had 
higher activity than the blue fraction at pH 4.5–6.0, and 
the blue fraction had higher activity than the yellow at 
pH 7.0–8.0. For ABTS, the yellow fraction showed max-
imum Lac activity at pH 3.5, and the blue fraction at pH 
3.0. At pH 2.5–3.5, the blue fraction had higher activ-
ity than the yellow. For GU, the yellow and blue frac-
tions showed maximum Lac activities at pH 7.0 and 8.0, 
respectively. At pH 5.0–7.5, the yellow fraction showed 
higher activity than the blue.

Although the results shown were for Sample No. 4, 
which had the highest total Lac activity among all sam-
ples (Table  1), similar results were obtained for the 
remaining three samples.

Discussion
In this study, we performed an analysis using isoelec-
tric focusing to clarify the comprehensive composition 
of the isozymes of Lac derived from lacquer. Isoelectric 
focusing performed on crude Lac enzymes that had been 
extracted from acetone powder showed multiple bands 
indicating Lac activity detected by GU in the ranges of 
pI 3.50–5.20 and 7.35–9.30 (Fig.  1). However, laccase 
activity detected by gallic acid showed remarkable stain-
ing within pI 3.50–5.85, whereas staining was very weak 
within pI 7.35–9.30 (Fig.  2). For elucidating the differ-
ence between Lac with pI 3.50–5.85 and 7.35–9.30, crude 
Lac was fractionated and analyzed. When the crude Lac 
enzymes were separated into the fractions containing 
the bands within pI 3.50–5.85 and 7.35–9.30, the latter 
samples were blue in color and the former were yellow 

Fig. 5  Isoelectric focusing of blue and yellow fraction. a Stained with 
Coomassie Blue R 250; b stained with guaiacol. 1, high pI marker; 2, 
low pI marker; 3, blue fraction; 4, yellow fraction; 5, blue fraction; 6, 
yellow fraction

Fig.6  Visible spectra of blue and yellow fraction. Blue line shows 
spectra of blue fraction, yellow line shows spectra of yellow fraction



Page 7 of 10Takano et al. J Wood Sci            (2021) 67:9 	

(Fig.  6). The yellow fraction showed Lac activity equal 
to or higher than the blue fraction (Fig.  7). The yellow 
fraction is conventionally removed during the purifica-
tion process of lacquer Lac and has thus seldom been 

analyzed. This paper is the first to report the importance 
of the yellow fraction as a component of lacquer Lac.

Lacquer Lac was the first multicopper oxidase found 
and has long been studied in detail to understand the 

Fig. 7  Laccase activity of blue and yellow fraction. a 3MC; b SA; c 2,6-DMP; d 4MC; e ABTS; f GU. Blue line shows laccase activity of blue fraction; 
yellow line shows laccase activity of yellow fraction. The amount of blue and yellow fraction used corresponded to 1 µL of crude Lac (2.6 mL) 
prepared from Sample 4
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enzyme properties, including structure and functions 
[6, 10]. Isoelectric points around pI 8–10 have been 
reported for purified lacquer Lac, and the enzymes are 
known to exhibit blue color with a maximum absorb-
ance at around 600 nm in the UV–VIS spectra [13].

The blue fraction analyzed in this study had a maxi-
mum absorbance at around 600  nm and contained 
bands within pI 7.35–9.30. These characteristics were 
consistent with previously reported characteristics 
of the blue fraction of lacquer Lac. In contrast, the 
crude Lac enzymes of the yellow fraction had isoelec-
tric points within pI 3.50–5.85 and showed no distinct 
maximum absorption at around 600  nm in the visible 
spectrum—characteristics not consistent with those of 
conventional blue Lac (Figs. 5, 6).

Lacquer Lac has been previously studied for the 
purpose of analyzing the blue proteins contained in 
lacquer. Therefore, the non-blue fractions have been 
removed during the purification of the blue Lac. In 
many such studies, a purification process that used an 
ion-exchange resin was set up, and proteins or other 
components of pI 6.0 or lower were removed [12, 13]. 
The Lacs from the bands within pI 3.50–5.85 detected 
in this study should correspond to the fractions that 
were previously removed.

There was a large difference in Lac activity for the 
blue and yellow fractions depending on the type of 
substrate and pH (Fig. 7). When SA, 2,6-DMP, and GU 
were used as substrates, the yellow fraction showed 
higher activity than the blue fraction in the pH range of 
5.5–7.5. At pH 6–7, especially, Lac activity was mostly 
derived from the yellow fraction and not the blue frac-
tion. The SA, 2,6-DMP, and GU have been used as ver-
satile substrates to measure the activity of lacquer Lac. 
The previously reported Lac activity of lacquer acetone 
powder may have originated from the yellow rather 
than the blue fraction.

For 3MC and 4MC, the yellow fraction showed higher 
activity than the blue fraction at pH 4.5–6.5, and the 
blue fraction showed higher activity than the yellow at 
pH 7.0–8.0. Compared with SA, 2,6-DMP, and GU, 3MC 
has a higher structural similarity to urushiol (Fig. 8). The 
results suggest that in the polymerization of urushiol, the 
blue and yellow fractions acted complementarily over a 
wide pH range.

When ABTS was used as the substrate, significant dif-
ferences in Lac activity were observed compared to other 
substrates. The optimum pH of lacquer Lac has been 
reported to be pH 5.0–8.0 when SA is the substrate [6, 
18]. In this study, when SA, 2,6-DMP, 3MC, 4MC, and 
GU were used as substrates, the optimum pH was 5.0–
8.0. However, when ABTS was the substrate, both the 
blue and yellow fractions had optimum pH of 3.0–4.0.

ABTS is widely used as a substrate to measure activity 
of Lac and peroxidases. The other substrates used had a 
skeleton similar to the structure of wood components; 
however, ABTS had a different chemical structure. The 
Lac of white-rot fungi is considered to have an acidic 
optimum pH [6]; however, in recent years, studies on 
yellow and white Lac derived from white-rot fungi have 
reported that optimum pH of SA is pH 6–7, whereas 
optimum pH of ABTS is in the range of pH 3–4 [19, 
20].

The color development test following isoelectric 
focusing that used gallic acid confirmed strong color 
development in multiple bands within pI 3.5–5.85 of 
the yellow fraction, whereas color development was 
weak in the five bands within pI 7.35–9.30 of the blue 
fraction.

The GU color development test performed on the yel-
low fraction confirmed Lac activity in multiple bands 
within pI 4.25–5.85, in addition to three bands within pI 
3.50–4.25, by extending the reaction time. However, as 
the reaction time for the Lac activity measurement was 
shorter than 5 min, it was likely that the three bands that 
developed color in this short time contributed to the 
reaction.

All these results indicated that the yellow fraction was 
at least as important as the blue fraction as a Lac compo-
nent of lacquer.

Lac is a multicopper oxidase, and the active center 
responsible for its catalytic function is composed of four 
copper atoms, which are classified into types I, II, and III 
[10]. Among them, it has become clear that type I con-
tributes to development of the blue color. An earlier anal-
ysis of lacquer Lac reported that removing copper from 
Lac resulted in decreased enzyme activity and loss of the 
blue color [21].

In this study, although the bands within pI 3.5–5.2 con-
tained in the yellow fraction were very low in amount 
and intensity compared to the bands within pI 7.35–9.30, 
the bands were very clear and were not smeared as often 
occurs due to degeneration of the protein (Fig.  1). In 
addition, as discussed earlier, the yellow fraction showed 
a Lac activity equal to or greater than the blue fraction, 
with no results indicating deactivation of the enzyme 
(Fig. 7). Therefore, it is unlikely that the deterioration or 
degradation of the blue fraction resulted in the deteriora-
tion or loss of type I copper and that the loss of blue color 
gave rise to the yellow fraction. These results indicated 
that the yellow fraction represented a completely differ-
ent enzymatic protein from the blue fraction. In white-
rot fungi, multiple isozymes of Lac have been reported, 
including yellow and white Lac, which do not exhibit blue 
color [17, 22, 23]. Our results indicated that yellow Lac 
was also present in lacquer.
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Conclusions
In this study, we comprehensively analyzed lacquer Lac 
using isoelectric focusing and found multiple Lacs not 
previously described. Among them, more than one Lac 
enzyme with an isoelectric point within pI 3.5–5.85 
was suggested to be yellow Lac, which did not exhibit 
a blue color. Enzymatic activity was measured for the 
isolated blue and yellow fractions at pH 2.5–8.0 using 
several substrates, showing that the yellow fraction 
had an activity equal to or greater than the blue frac-
tion. These results indicated that there were multiple 

Lac enzymes in lacquer that could be involved in the 
polymerization and drying of urushiol, in addition to 
the blue Lacs that have been commonly studied.
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