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Abstract

A laccase with a novel N-terminal sequence, a molecular mass of 63kDa, and inhibitory activity toward HIV-1 reverse transcrip-

tase (IC50 = 9.5lM) was isolated from dried fruiting bodies of the monkey head mushroomHericium erinaceum. A chromatographic

procedure involving ion exchange chromatography on DEAE–cellulose, CM–cellulose, and Q-Sepharose and fast protein liquid

chromatography-gel filtration on Superdex 75 was employed. The laccase was adsorbed on DEAE–cellulose and Q-Sepharose

but unadsorbed on CM–cellulose. High activity of the enzyme was observed at pH 3–5 and at 50–80 �C. Its activity was completely

abolished at pH 8 and 9 and after boiling for 10min. A temperature of 50 �C and a pH of 5.0 were optimal for its activity.

� 2004 Elsevier Inc. All rights reserved.
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Mushrooms elaborate a variety of biomolecules in-

cluding lectins [1,2], ribonucleases [3], ribosome inacti-

vating proteins [4,5], and polysaccharopeptides.
From the fruiting bodies of the monkey head mush-

room Hericium erinaceum, a sialic acid-binding lectin

with a blocked N-terminus and a molecular mass of ap-

proximately 60kDa has been isolated [6]. The monkey

head mushroom also elaborates a polysaccharide with

antitumor activity [7]. However, little else is known

about its other biochemical constituents.

Laccases are a group of enzymes produced by
ligninolytic mushrooms [8,9]. They find potential appli-

cations in textile dyes, biosensors, pulping, and detoxifi-

cation of polluted water [10–15]. They have been

isolated and/or the genes characterized from only some

mushroom species despite the numerous mushroom

species that exist [16–34]. The objective of the present

investigation was to isolate and characterize a laccase
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from the monkey head mushroom which is a common

edible mushroom in China.
Materials and methods

Isolation of laccase. A water extract of dried fruiting bodies (1.5kg)

of the monkey head mushroom H. erinaceum was prepared by ho-

mogenizing them in distilled water (3ml/g) in a Waring blender. The

homogenate was centrifuged and the supernatant was saved. Tris–HCl

buffer (1M, pH 7.4) was added to the supernatant until the concen-

tration of Tris attained 10mM. The supernatant was chromatographed

on a 5 · 20cm column of DEAE–cellulose (Sigma). The unadsorbed

fraction (D1) eluted with 10mM Tris–HCl buffer (pH 7.2) and devoid

of laccase activity was discarded, while the adsorbed fraction (D2) with

laccase activity was eluted with 0.5M NaCl in the starting buffer.

Fraction D2 was subsequently subjected to ion exchange chromatog-

raphy on a CM–cellulose (Sigma) column (2.5 · 20cm) in 10mM

NH4OAc buffer (pH 4.5). Unadsorbed proteins (fraction CM1) were

eluted with the same buffer while adsorbed proteins (fractions CM2

and CM3) were eluted with a linear NaCl gradient (0–1M) in 10mM

NH4OAc buffer (pH 4.5). Fraction CM1 containing laccase activity

was next subjected to ion exchange chromatography on a Q-Sepharose

(Amersham Biosciences) column (1.5 · 20cm) in 10mM NH4OAc
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buffer (pH 9.2). After removal of unadsorbed proteins (fraction Q1)

without laccase activity, adsorbed proteins (fractions Q2 and Q3) were

eluted with a linear concentration (0–1M) gradient of NaCl in the

10mM NH4HCO3 buffer. Fraction Q2, which contained laccase ac-

tivity, was fractionated on an FPLC-gel filtration Superdex 75 HR 10/

30 column (Amersham Biosciences) in 0.2M NH4HCO3 buffer (pH

8.5) using an AKTA Purifier (Amersham Biosciences). The first eluted

peak (S1) represented purified laccase.

Assay for laccase activity. Laccase activity was assayed by mea-

suring the oxidation of 2,7 0-azinobis[3-ethylbenzothiazoline-6-sulfonic

acid] diammonium salt (ABTS) [18]. A modification of the method of

Shin and Lee was used. An aliquot of enzyme solution was incubated

in 1.3ml of 67mM sodium acetate buffer (pH 4.5) containing 1.54mM

ABTS at 30�C. One unit of enzyme activity was defined as the amount

of enzyme required to produce an absorbance increase at 405nM of

one per minute per milliliter of reaction mixture under the aforemen-

tioned condition.

Molecular mass determination by sodium dodecyl sulfate–poly-

acrylamide gel electrophoresis and by FPLC-gel filtration. Sodium do-

decyl sulfate–polyacrylamide gel electrophoresis (SDS–PAGE) was

carried out in accordance with the procedure of Laemmli and Favre

[35], using a 12% resolving gel and a 5% stacking gel. At the end of

electrophoresis, the gel was stained with Coomassie brilliant blue.

FPLC-gel filtration was carried out using a Superdex 75 HR 10/30

column which had been calibrated with molecular mass standards

(Amersham Biosciences).
Fig. 1. Ion exchange chromatography on a Q-Sepharose column

(1.5 · 20cm). Sample: fraction of monkey head mushroom fruiting

body extract adsorbed on DEAE–cellulose and subsequently unad-

sorbed on CM–cellulose. Binding buffer: 10mM NH4OAc buffer (pH

5.4). Buffer used to elute adsorbed fraction: 0–1M NaCl in the binding

buffer. The dotted line across the right half of the chromatogram

represents the linear concentration gradient of NaCl.

Table 1

Yields and laccase activities of aqueous extract and various chromatographi

Chromatographic fractions Protein yield (mg) Laccase activity (U/mg)

Extract 5340 0.8

D1 1630 0.2

D2 2117 1.3

CM1 936 2.0

CM2 482 <0.1

Q1 98.3 <0.1

Q2 229.2 3.8

Q3 327.5 1.2

S1 44.7 11.9

S2 92.6 0.9

Laccase activity was determined at 30�C.
Analysis of N-terminal amino acid sequence. Amino acid sequence

analysis was carried out using an HP G1000A Edman degradation unit

and an HP1000 HPLC system.

Assay for HIV-1 reverse transcriptase-inhibitory activity. The puri-

fied laccase was tested for this activity in view of the report that a

mushroom laccase exhibited this activity [33].

The assay for HIV reverse transcriptase-inhibitory activity was

carried out according to instructions supplied with the assay kit from

Boehringer–Mannheim (Germany). The assay takes advantage of the

ability of reverse transcriptase to synthesize DNA, starting from the

template/primer hybrid poly(A) oligo(dT) 15. The digoxigenin- and

biotin-labeled nucleotides in an optimized ratio are incorporated into

one of the same DNA molecules, which is freshly synthesized by the

reverse transcriptase (RT). The detection and quantification of syn-

thesized DNA as a parameter for RT activity allows sandwich ELISA

protocol. Biotin-labeled DNA binds to the surface of microtiter plate

modules that have been precoated with streptavidin. In the next step,

an antibody to digoxigenin, conjugated to peroxidase, binds to the

digoxigenin-labeled DNA. In the final step, the peroxidase substrate is

added. The peroxidase enzyme catalyzes the cleavage of the substrates,

producing a colored reaction product. The absorbance of the samples

at 405nm can be determined using a microtiter plate (ELISA) reader

and is directly correlated to the level of RT activity. A fixed amount

(4–6ng) of recombinant HIV-1 reverse transcriptase was used. The

inhibitory activity of the isolated protein was calculated as percent

inhibition as compared to a control without the protein [36,37].
Results

The fraction of the fruiting body extract of monkey

head mushroom that was adsorbed on DEAE–cellulose

in 10mM Tris–HCl buffer (pH 7.4) and eluted with

0.5M NaCl, and subsequently unadsorbed on CM–cel-

lulose in 10mM NH4OAc buffer (pH 4.5) was fraction-

ated on Q-Sepharose into a small unadsorbed peak Q1
and two much larger adsorbed peaks Q2 and Q3

(Fig. 1). Laccase activity was concentrated in fraction

Q2 (Table 1). Fraction Q2 was resolved on Superdex

75 into two peaks S1 and S2 (Fig. 2). Laccase activity

resided in S1 (Table 1). S1 exhibited a molecular mass

of 63kDa in SDS–PAGE (Fig. 3). The optimal temper-

ature of the laccase was 50 �C. At 80 �C, 75% of the

activity observed at 50 �C remained. The activity at
20 �C was about 65% of the activity at 50 �C (Fig. 4).
c fractions (from 1.5kg fresh fruiting body, activity assayed at 30 �C)

Total activity (U) Recovery of activity (%) Purification fold

4272 100 1

326 — —

2752 64 1.6

1872 44 2.5

<48 — —

<93 — —

871 20 4.75

393 — —

532 12 15

83 — —



Fig. 5. Effect of pH on laccase activity of Hericium erinaceum laccase.

Table 2

N-terminal sequence comparison of laccases from Hericium erinaceum

and other mushrooms

Hericium erinaceum laccase AVDDDAEQ Æ IP
Agaricus bisporus laccase I KTRTFDFDLVV

Agaricus bisporus laccase II DTKTFNFDLVN

Basidiomycete PM1 laccase SIGPVADLTIS

Cariporiopsis subvermispora laccase AIGPVTDLEIT

Coriolus hirsutus laccase GICTKANLVIT

Coriolus hirsutus laccase AIGPTADLTIS

Phlebia radiata laccase SIGPVTDFHII

Pleurotus eryngii laccase I AXKKLDFHIII

Pleurotus eryngii laccase II ATKKLDFHIII

Pycnoporus cinnabarinus laccase AIGPVADLTLT

Trametes versicolor laccase I AIGPVASLVVA

Trametes versicolor laccases II and III GIGPVADLTIT

Identical corresponding amino acid residues are underlined.

Fig. 3. Sodium dodecyl sulfate–polyacrylamide gel electrophoresis.

Left lane: molecular mass markers, from top downward, phosphor-

ylase b (94kDa), bovine serum albumin (67kDa), ovalbumin (43kDa),

carbonic anhydrase (30kDa), soybean trypsin inhibitor (20kDa), and

a-lactalbumin (14.4kDa). Right lane: fraction S1 (purified laccase).

Fig. 2. Fast protein liquid chromatography-gel filtration on a Super-

dex 75 HR 10/30 column. Eluent: 0.2M NH4HCO3 buffer (pH 8.5).

Flow rate, 0.4ml/min; fraction size, 0.8ml.

Fig. 4. Effect of temperature on laccase activity of Hericium erinaceum

laccase.
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The enzyme lost all of its activity after boiling for

10min. The laccase activity did not vary dramatically

over the pH range 3–5. The activity underwent an

abrupt decline when the pH was raised to 6 and then

to 7. No activity was discernible at pH 8 and 9

(Fig. 5). The laccase inhibited HIV-1 reverse transcrip-
tase with an IC50 of 9.5lM. The N-terminal sequence
of the laccase differed from those of other mushroom

laccases (see Table 2).
Discussion

The molecular mass of H. erinaceum laccase falls

within the range of molecular masses reported for other

mushroom laccases [18,31]. The adsorption of H. erina-

ceum laccase on DEAE–cellulose is in line with the re-
port that laccases from Coriolus hirsutus and

Rigidoporus lignosus are adsorbed on DEAE–Sephacel

[18,19], but in contrast to the inability of laccases from

Cantharellus cibarius, Tricholoma giganteum, and Albat-

rella dispansus to bind to DEAE–cellulose [32–34]. Like

R. lignosus laccase [18] which is adsorbed on Mono Q,

H. erinaceum laccase is adsorbed on Q-Sepharose. In

contrast to C. hirsutus laccase which is adsorbed on Hi-
trap SP and Mono S [18], and T. giganteum laccase

which is adsorbed on CM–cellulose [33], H. erinaceum

laccase is unadsorbed on CM–cellulose.

Laccases from C. cibarius, T. giganteum, and A. dis-

pansus exhibit a pH optimum at pH 4 [32–34] compared

to the optimal pH of 5 for H. erinaceum laccase. Like
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laccases from T. giganteum and A. dispansus [32,33], H.

erinaceum displays high activity at 50 �C and above. C.

cibarius is less thermostable [34]. A pH of 3–4 and a tem-

perature of 50 �C are required for C. hirsutus laccase to

exhibit maximal activity [18]. R. lignosus laccase requires

a temperature of 40 �C to exhibit maximal activity. It is
less stable at pH values lower than pH 7. The high activ-

ity observed at 35–45 �C diminishes rapidly at 55–65 �C
[19]. Thus, H. erinaceum laccase is closer to C. hirsutus

laccase than R. lignosus laccase in pH and temperature

optima although the former is much more thermostable.

The inhibitory effect of a mushroom (T. giganteum)

laccase toward HIV-1 reverse transcriptase laccase has

been demonstrated previously [33]. Its inhibitory poten-
cies and that of H. erinaceum laccase are similar to those

of other natural products [39]. However, laccases from

C. cibarius and A. dispansus [32,34] lack similar activity.

Some mushroom lectins [37] and ubiquitin-like proteins

[38] also manifest HIV-1 reverse transcriptase-inhibitory

effects. It is noteworthy that lectins and laccase are pro-

duced by both fruiting bodies [32–34,40,41] and mycelia

[16–18,27,30,31,40] of mushrooms.
The N-terminal sequence of laccase shows little re-

semblance to those of published mushroom laccases

[18] including those prepared in the authors� laboratory
[32–34], indicating that it is a novel protein. From the

preceding paragraphs it can be seen that different mush-

room laccases may have different pH and temperature

optima and chromatographic behavior on ion exchang-

ers. H. erinaceum laccase has its own combination of
characteristics.
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