
Laccase (p�diphenol:oxygen oxidoreductase, EC

1.10.3.2) is a copper�containing oxidase that catalyzes

reduction of molecular oxygen to water, bypassing a stage

of hydrogen peroxide production [1�3].

Laccases are the most important components of the

lignolytic complex of wood�destroying white rot fungi

responsible for decomposition (but in some cases also

synthesis) of lignin, which is one of the most widely dis�

tributed natural polymers. The role of laccase in these

processes is not known in detail. These enzymes are also

very interesting for studies on their structure and catalyt�

ic mechanisms. This interest is reasoned by structure of

the laccase active site, which includes four copper ions of

three types, and their coordinated interaction during

catalysis of one�electron oxidation of donor substrates

results in reduction of molecular oxygen to water. The

substrate specificity of laccases is also very interesting

because of their ability to catalyze oxidation of a wide

variety of organic (especially aromatic) and inorganic

compounds. Organic compounds are oxidized through a

free radical mechanism, which is insufficiently studied for

the majority of reactions.

DISTRIBUTION IN NATURE

AND PHYSIOLOGICAL FUNCTIONS

Laccase was first isolated from sap of the lacquer tree

Rhus vernicifera late in the XIXth century [4]. It is the

best�studied laccase of plant origin [5�9]. Data on other

higher plant laccases are scarce. Laccases from Rhus suc�

cedanea [5, 8], Acer pseudoplatanus [10], Pinus taeda [11,

12], Populus euramericana [13], Liriodendron tulipifera

[14], Nicotiana tobacco [15], Lolium perenne [16], and

Zea mays [17] are characterized partially.

The majority of laccases described in literature were

isolated from higher fungi. Laccases have been found in

many agents of soft rot, in the most of white rot�causing

polypores, in geophilous saprophytic and phytopathogen�

ic fungi (ascomycetes or their hyphomycetous anamor�

phas) and also in many agarics, including cultured edible

mushrooms: the champignon Agaricus bisporus, oyster

mushroom Pleurotus ostreatus, and the rice mushroom

Lentinula edodes. There are other laccase producers, in

particular actively wood�rotting fungi, such as Trametes

(Coriolus) versicolor, T. hirsuta (C. hirsutus), T. ochracea,

T. villosa, T. gallica, Cerrena maxima, Coriolopsis poly�

zona, Lentinus tigrinus, Pleurotus eryngii, etc.

Laccases are also found in saprophytic compost�

inhabiting ascomycetes Myceliophthora thermophila [18]

and Chaetomium thermophilum [19] and in the geophilous

hyphomycete Mycelia sterlia INBI 2�26 [20]; they seem

to be involved in humification. Laccases or laccase�

encoding genes are identified in the grape pathogenic

hyphomycete Botrytis cinerea [21] and the wheat and bar�

ley root rot agent Gaeumannomyces graminis var. tritici

[22]. Interaction of the soft rot agent B. cinerea with host

plants has been studied in [21], and extracellular laccase

isoforms synthesized by this fungus have been shown to

inactivate compounds produced by the host plant and

toxic for this fungus.

Up to now functions of both plant and fungal laccas�

es are not defined unambiguously [10, 23�27]. In plants,
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laccases are involved in synthesis of lignin and catalyze

free radical polymerization of lignin structural units: p�

coumaryl, coniferyl, and sinapyl alcohols. Fungal laccas�

es are involved in degradation of lignin, pathogenesis and

detoxification, and also in development and morphogen�

esis of fungi [24, 26, 27]. Formation of fungal carposomes

is associated with laccase�catalyzed synthesis of extracel�

lular pigments, which act as connecting elements on link�

ing of fungal cell wall components. Laccase�lacking

mutants of the oyster mushroom Pleurotis florida failed to

form carposomes, as differentiated from revertants with

the normal activity of the enzyme [28]. The laccase activ�

ity strictly depended on the phase of development of the

fungus A. bisporus: the laccase activity sharply decreased

upon the formation of carposomes [29].

The role of laccases during delignification is not

clear in detail. Laccases can catalyze in vitro degradation

of lignin, but the resulting low�molecular�weight compo�

nents can repolymerize. Therefore, it was suggested that

the main function of laccases is not the oxidation of lignin

but influence on polymerization of their oxidation prod�

ucts. Enzymatic decomposition of lignin results in some

toxic products that are dangerous for the fungal myceli�

um. Laccase detoxifies these low�molecular�weight phe�

nolic components converting them to polymers nontoxic

for fungal hyphae [30].

Findings of laccase activity in bacteria have been

recently reported [31�37]. Some of these laccases can

function in the presence of high concentrations of chlo�

ride and copper ions at neutral pH values. The enzyme

isolated from Sinorhizobium meliloti is a dimeric protein

with pI 6.2 consisting of two similar 45�kD subunits [38],

whereas laccase from Pseudomonas putida is a monomer�

ic 59�kD protein stable at pH 7.0 [39]. Both enzymes can

oxidize syringaldazine.

LOCALIZATION IN THE CELL

Considering the substrate specificity, the enzymes

involved in lignin degradation are exclusively extracellu�

lar. This is true for lignin peroxidase and Mn�peroxidase,

but the situation with laccase is different. The majority of

known fungal laccases are indeed extracellular proteins,

but intracellular laccases of white rot fungi are also

described. The majority of white rot fungi are shown to

produce both intracellular and extracellular laccases [40],

but the greater part of the enzyme (95%) is located out�

side the cell. Trace intracellular laccase activity was

detected in the fungi A. bisporus, but 88% of the activity

was found in the supernatant [29]. Both extracellular and

intracellular laccases were found in Phanerochaete

chrysosporium [41] and Suillus granulatus [42]. This local�

ization of laccases seems to be associated with their phys�

iological functions. Intracellular fungal laccases can be

involved in transformation of low�molecular�weight phe�

nolic compounds produced in the cell. Laccases located

in the cell walls and spores can be involved in synthesis of

melanin and other substances protecting the cell walls

[43, 44].

MOLECULAR FEATURES OF LACCASES

To the present, more than a hundred laccases have

been isolated and characterized. Based on the literature,

general characteristics of these enzymes can be given with

the reservation that the majority of laccases were isolated

from wood�destroying white rot fungi, whereas plant lac�

cases are much less studied.

Laccases are glycoproteins with molecular weight of

50�130 kD (Table 1). The carbohydrate moiety of the

majority of laccases consists of mannose, N�acetylglu�

cosamine, and galactose and constitutes about 45% of the

protein mass in laccases of plant origin. Fungal laccases

have lower carbohydrate contents (10�20%). In laccases

from the basidiomycete P. eryngii the carbohydrate moi�

eties are 1 and 7% [70], whereas in laccases from C. ful�

vocinerea [50] and B. cinerea [48] carbohydrate contents

are 32 and 49%, respectively, i.e. are high for fungal lac�

cases. Many researchers think the carbohydrate moiety of

the molecule is responsible for the stability of the protein

globule: deglycosylation of laccase from Ganoderma

lucidum completely inhibited the activity [87]. The carbo�

hydrate moiety has also been supposed to protect the

enzyme molecule against proteolysis and inactivation by

free radicals [24, 88].

Most fungi produce several isoforms of laccases.

Thus, the fungus P. ostreatus secretes eight different lac�

case isozymes, six of which have been isolated and char�

acterized (Table 1) [71�73]. The predominant isoform

(POXC) is a 59�kD protein with pI 2.9; three isozymes

(POXA2, POXB1, and POXB2) have the same molecular

weight of about 67 kD, with pI 4.1 for two of them and pI

2.9 for the third. Two other isoforms of this protein

(POXA1b and POXA1w) have molecular weight of 61 kD

and pI 6.7�6.9, and two more isoforms (POXA3a and

POXA3b) are heterodimers (pI 4.1�4.3) consisting of two

subunits: of 61 kD and 16 or 18 kD. Formation of P.

ostreatus isoenzymes is induced by copper ions in the cul�

ture medium and regulated on the level of gene transcrip�

tion [73, 89]. Although laccase POXC is the predominant

isozyme, the highest level of mRNA has been found for

isoform POXA1b, which is mainly an intracellular or cell

wall�bound protein [89].

The fungus T. pubescens produces two laccase iso�

forms with the same molecular weight of 67 kD and pI

values of 5.1 and 5.3 [81], the fungus C. subvermispora

produces four isoenzymes (68�71 kD, pI values from 3.4

to 4.7) [49], and the flat polypore G. lucidum produces five

laccase isoforms with pI values of 3.0, 4.25, 4.5, 4.8, and

5.1 and molecular weights from 40 to 66 kD [87, 90]. The
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Laccase

1

Plant laccases

Rhus vernicifera [8]

Rhus succedanea [8]

Acer pseudoplatanus [10]

Pinus taeda [8]

Liriodendron tulipifera [14]

Fungal laccases

Agaricus bisporus [45]

Agaricus blazei [46]

Basidiomycete PM1 [47]

Botrytis cinerea [48]

Ceriporiopsis subvermispora [49] L1 

L2

Cerrena maxima [50]

Cerrena maxima [51]

Cerrena unicolor [52]

Cerrena unicolor 0784 [53]

Cerrena unicolor 137 [54] LaccI 

LaccII

Chaetomium thermophilum [19]

Coprinus cinereus [55] 

Coriolopsis fulvocinerea [56]

Coriolopsis fulvocinerea [50]

Coriolopsis gallica [57]

Coriolopsis rigida [58]

Coriolus hirsutus [59]

Coriolus hirsutus [56]

Coriolus zonatus [60]

Daedalea quercina [61]

Gaeumannomyces graminis [22]

Magnaporthe grisea [62]

Marasmius quercophilus [63]

Mauginiella sp. [64]

Melanocarpus albomyces [65]

Neurospora crassa [66]

Panus rudis [67]

Panus tigrinus [68]

Phellinus ribis [69]

Pleurotus eryngii [70] I 

II

T1|2* , h

6

T1|2
60 = 2 

T1|2
60 = 1 

T1|2
50 = 52 

T1|2
40 = 12 

T1|2
60 = 2.5 

T1|2
50 = 12 

T1|2
50 = 64 

T1|2
60 = 192 

T1|2
50 = 72 

T1|2
65 = 0.5 

T1|2
60 = 0.7 

T1|2
60 = 5 

T1|2
50 = 72 

T1|2
60 = 0.4 

T1|2
50 = 0.5 

T1|2
55 = 0.5 

Table 1. Some characteristics of laccases isolated from different sources

topt, °C

5

20

80

60

50

60

60

60

60

70

45

55

60

30

75

60�70

60

55

65

55

pI

4

9.3�9.5

4.0

3.6

4.0

3.4

4.8

3.5

3.5

3.95

3.75

3.6

3.7

5.1

4.0

3.5

3.5

4.3

3.9

7.4

4.0

4.6

3.0

5.6

6.0

3.6

4.8�6.4

4.0

3.5

3.15

4.1

4.2

Carbohydrates, %

3

45

40�45

22

15

6.5

49

15

10

13

13

23

32

32

21

9

11

12

10

12

12

5�7

11

8

6.9

28

7

1

Mr, kD

2

110

130

97

90

61

65

66

64

74

71

68

67

57

66

56

64

57

77

58

54

65

84

66

73

55

60

69

190

70

63

63

80

65

58

69.1

152

65

61
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multiplicity of laccase isoforms seems to be associated

with a variety of processes that they are involved in.

The number of isozymes found depends on condi�

tions of cultivation, in particular on the presence of an

inducer in the medium [44, 73, 91, 92]. The fungus P.

pulmonarius produces three laccase isoforms, two of

which (lcc1 and lcc2) are constitutive and the isoform

lcc3 can be detected only when the fungus is cultured in

the presence of inducers [91], whereas the fungus M.

quercophilus strain 17 produces three constitutive and

four inducible forms of the enzyme [93].

Although most of fungal laccases are monomeric

proteins, enzymes consisting of several subunits are also

known. Thus, laccases from the wood�rotting fungi P.

ribis [69], P. pulmonarius [94], and T. villosa [83], the

mycorrhyzal fungus Cantharellus cibarius [95], and the

ascomycete R. solani [77] consist of two similar subunits

with molecular weights typical for monomeric laccases.

The above�mentioned fungus P. ostreatus produces two

heteromeric laccase isoforms (POXA3a and POXA3b)

[73]. Oligomeric laccases have been isolated from some

ascomycetes. Thus, gel filtration shows the molecular

weight of laccase from Monocillium indicum to be 100 kD,

and SDS�electrophoresis reveals in it three subunits: 24,

56, and 72 kD [96]. The fungus G. gramminis produces an

enzyme consisting of three 60�kD subunits [22], and a

laccase from the ascomycete Podospora anserina is a

tetramer consisting of 80�kD subunits [97].

* Half�inactivation time of enzyme at the temperature indicated.

1

Pleurotus ostreatus [71] POXA1b

Pleurotus ostreatus [72] POXA1w

Pleurotus ostreatus [72] POXA2

Pleurotus ostreatus [73] POXA3a

Pleurotus ostreatus [73] POXA3b

Pleurotus ostreatus [72] POXC

Polyporus versicolor [1] A 

B

Pycnoporus cinnabarinus [74]

Pycnoporus cinnabarinus [75]

Pycnoporus sanguineus [76]

Rhizoctonia solani [77] 

Rigidoporus lignosus [78] 

Sclerotium rolfsii [79] 

Trametes gallica [80] Lac I 

Lac II

Trametes hirsuta [50]

Trametes ochracea [50]

Trametes pubescens [81] Lc1 

Lc2 

Trametes pubescens [82] 

Trametes versicolor [8] I 

II

Trametes villosa [83] 1  

3

Trametes sp. C30 [84]

Trametes sp. AH28�2 [85] 

Trichophyton rubrum [86]

6

T1|2
60 = 3 

T1|2
60 = 3.3 

T1|2
60 = 0.2 

T1|2
40 = 6 

T1|2
40 = 14 

T1|2
60 = 0.5 

T1|2
70 = 1 

T1|2
80 = 2 

T1|2
75 = 3 

T1|2
65 = 0.5 

T1|2
60 = 1 

T1|2
50 = 65 

T1|2
50 = 56 

T1|2
75 = 0.5 

T1|2
60 = 0.25 

Table 1 (Contd.)

5

20�50

45�65

25�35

35

35

50�60

55

40

62

70

70

4

6.9

6.7

4.0

4.1

4.3

3.3

3.0�3.2

4.6�6.7

3.7

3.0

6.7

7.5

3.2

5.2

3.1

3.0

4.2

4.7

5.1

5.3

2.6

3.5

6.5

3.2

4.2

4.0

3

3

9

5

14

10

9

11

10

3.6

4

12

10

13

13

18

10�12

14

7

11�12

2

62

61

67

83�85

83�85

59

64.4

64.7

81

63

58

130

54

55

60

60

70

64

67

67

65

67

70

130

126

65

62

65
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STRUCTURE OF THE ACTIVE SITE OF LACCASES

The active site of laccases contains four copper ions:

a mononuclear “blue” copper ion (T1 site) and a three�

nuclear copper cluster (T2/T3 site) consisting of one T2

copper ion and two T3 copper ions (Fig. 1). The distance

between the T2 and T3 sites of the enzyme is 4 Å and the

T1 copper ion is located at the distance of about 12 Å

from them [98�100].

Copper ions of the laccase active site are classified by

their spectral and EPR characteristics [8, 101, 102]. The

T1 site of laccases imparts a light blue color to the enzyme

solutions and is characterized by a distinctly pronounced

band of optic absorption at the wavelength of 600 nm (ε ~

5000 M–1·cm–1) and also by a weak parallel superfine split�

ting in the EPR spectra (g|| = 2.30, A|| = (40�95)·10–4 cm–1)

[8, 103, 104]. The T1 site has as ligands two histidine imi�

dazoles and the sulfhydryl group of cysteine, which form a

trigonal structure. This copper ion can be replaced by

mercury or cobalt ions [105�107].

The mononuclear T2 site of the enzyme, which

is invisible in electron absorption spectra, displays

ultrafine splitting in EPR spectra (g|| = 2.24, A|| =

(140�200)·10–4 cm–1), which is typical for copper ions in

tetragonal complexes [8, 103, 104]. The T2 site can be

selectively removed from the enzyme molecule, and this

is accompanied by a significant loss in the enzyme activi�

ty [108]. The T3 site of laccases is a binuclear copper site

with copper ions paired antiferromagnetically through a

hydroxide bridge that makes this site diamagnetic and

prevents its detection in the EPR spectra. This site can be

identified by the presence of a shoulder at 330 nm in the

UV region of the spectrum [8, 109]. Eight imidazoles of

histidine are ligands of the T2/T3 cluster [8, 110]. Figure

1 presents a scheme of the active site of laccase CotA from

B. subtilis and positions of ligands of the T1, T2, and T3

sites, with indications of the interatomic distances [98].

Note that laccases with a differently structured active

site are also described in the literature. The above�men�

tioned fungus P. ostreatus produces two laccase isoforms

with the same molecular weight of 67 kD and virtually

identical protein moieties which differ from other laccas�

es only by the absence of activity toward guaiacol [71, 72].

The isoform POXA1b is induced by copper ions, has an

absorption maximum at 605 nm, and contains four cop�

per ions in the active site [71]. The other isoform

(POXA1w) has no absorption maximum in the blue

region of the spectrum [72] but has an absorption maxi�

mum at 400 nm, and its active site includes one copper

ion, one iron ion, and two zinc ions [72]. The active site

of laccase from Phlebia radiata is shown to contain two

copper ions (T1 and T2 sites) and a prosthetic group PQQ

(pyrroquinolinequinone), which seems to act as a T3 site

[111]. The fungus P. ribis produces only one laccase

which is a dimer consisting of two 76�kD subunits con�

taining one copper ion, one manganese ion, and two zinc

ions [69]. Enzymes lacking the maximum at 600 nm in

the absorption spectrum are usually called laccase�like

enzymes because they have the catalytic activity inherent

in typical “blue” laccases. As a rule, it is not established

whether water is the end product of dioxygen reduction

by these enzymes.

The three�dimensional structures have been deter�

mined for fungal laccases from C. cinereus (with the T2

copper removed) [112, 113], M. albomyces [114, 115], T.

versicolor [116, 117], R. lignosus [100], and C. maxima

[118], as well as the structure of laccase CotA from

endospores of B. subtilis [99, 119]. Crystals have been pre�

pared and a primary structural analysis performed for

fungal laccases from P. cinnabarinus [120], C. hirsutus

[121], and P. tigrinus [122]. All these laccases have pro�

nounced structural homology, but there are also some dif�

ferences, in particular in the organization of loops and

formation of the substrate�binding “pocket”. Figure 2

presents the three�dimensional structure of laccase from

C. maxima [118].

Laccase molecules are usually monomers consisting

of three consecutively connected cupredoxin�like

domains twisted in a tight globule. The size of the protein

Fig. 1. Scheme of T1 (Cu1) and T2/T3 (Cu4/Cu2�Cu3) copper

sites of laccase CotA from Bacillus subtilis, with indicated dis�

tances between the most important atoms [99].
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globule of laccases from C. cinnereus and T. versicolor is

70 × 50 × 45 Å and 65 × 55 × 45 Å, respectively [112, 117].

The T1 copper site of laccases is located in the third

domain, and the three�nuclear cluster T2/T3 is located

between the first and third domains and has amino acid

ligands in each of them [112, 117, 118]. Amino acid

residues of the second and third domains are involved in

formation of the substrate�binding pocket (the binding

site of electron donor substrate). The locations of disul�

fide bridges have been determined for the molecule of

laccase from T. versicolor: one of them (8Cys–Cys488)

connects the C�end with the first domain and the other

(117Cys–Cys205) connects the first and second domains

[117]. The structure of the laccase molecule from M.

albomyces [114] is stabilized by three disulfide bridges:

4Cys–Cys12 in the first domain, 114Cys–Cys540 which

binds the first and third domains, and 298Cys–Cys332 in

the second domain close to the substrate�binding pocket.

In the molecule of laccase from C. maxima, the α�helix

on the C�end is stabilized by the disulfide bridge

85Cys–Cys488, whereas another disulfide bridge

(117Cys–Cys205) connects the first and second domains

[118].

Structures of laccases isolated from different sources

are very much alike. On comparing sequences of more

than 100 laccases, four conservative regions were revealed

which are specific for all laccases [123, 124]. One cysteine

and ten histidine residues form a ligand environment of

copper ions of the laccase active site and are present in

these four conservative amino acid sequences (Table 2).

Table 2. Comparison of amino acid sequences of four different laccase regions that contain ligands of the active site

copper ions

* Ligands of the active site copper ions represented by histidine and cysteine residues that are conservative for all laccases are shown in gray color.

Ab, A. bisporus lcc1 [125]; Ap, A. pseudoplatanus [10]; Cc, C. cinereus lcc1 [126]; Lt, L. tulipifera lac2�1 [14]; Ma, M. albomyces lac1 [127]; Nt,

N. tabacum [15]; Pc, P. cinnabarinus lcc3�1 [128]; PM1, basidiomycete PM1 [129]; Po, P. ostreatus pox2 [130]; Rv, R. vernicifera [131]; Th, T.

hirsuta [132]; Tl, T. villosa lcc1 [83]; Tt, T. trogii lcc1 [133]; Tv, T. versicolor lcc1 [134].

Laccase

Ab 

Ap

Cc 

Lt 

Ma 

Nt

Pc 

PM1

Po 

Rv

Th

Tl 

Tt 

Tv 

GenBank No.

AAA17035

AAB09228

AAD30964

AAB17191

CAE00180

AAC49536

AAC39469

CAA78144

CAA84357

BAB63411

AAA33103

AAC41686

CAC13040

AAC49828

Ligands of copper sites*

Т3Т1Т3     Т1

466WFLHCHIDWHLEA478

521WFLHCHFERHTTW533

466WFFHCHIEFHLMN478

530WFMHCHFDVHLSW542

549WLFHCHIAWHVSG561

517WFMHCHLEI HTTW529

468WFLHCHIDFHLEA481

446WFLHCHIDFHLEA458

480WFLHCHIDWHLEI492

491WFLHCHFERHTTE503

470WFLHCHIDFHLEA482

470WFLHCHIDFHLEA 482

467WFLHCHIDFHLEA479

469WFLHCHIDFHLDA481

Т1    Т2  Т3

415GAHPFHLHGH424

560QNHPMHLHGF569

412GPHPFHLHGH421

469ESHLLHLHGY478

479LPHPMHLHGH488

455ENHPIHLHGF464

414TPHPFHLHGH423

391FPHPFHLHGH400

425GPHPFHLHGH434

431TSHPMHLHGF440

514APHPFHLHGH523

413APHPFHLHGH422

413FPHPFHLHGH422

413APHPFHLHGH422

Т3 Т3

125WYHSHLS131

123WWHAHSD129

125WYHSHFG131

125FWHAHFS131

186WYHSHFS192

123FWHAHIL129

128WYHSHLS134

106WYHSHLS112

151WYHSHLS157

102WWHAHSD108

128WYHSHLS134

128WYHSHLS134

128WYHSHLS134

127WYHSHLS133

Т2  Т3

80SIHWHGF86

79TIHWHGV85

80SIHWHGL86

80TVHWHGI86

141SIHWHGI147

78SIHWHGI84

83SIHWHGF89

62SIHWHGF68

96SIHWHGF102

57TIHWHGV63

83SIHWHGF89

83SIHWHGF89

83SIHWHGF89

82SIHWHGF88

Fig. 2. Three�dimensional structure of laccase from Cerrena maxi�

ma [118].



1142 MOROZOVA et al.

BIOCHEMISTRY  (Moscow)   Vol.  72   No.  10   2007

FACTORS DETERMINING REDOX POTENTIAL

OF THE LACCASE T1 SITE

Standard redox potentials of three copper sites of

laccases (T1, T2, T3) are key characteristics of copper�

containing oxidases including laccases. Based on the T1

site redox potential, all copper�containing oxidases are

subdivided onto high�, medium�, and low�potential

enzymes (Table 3) [128, 140�142].

While the T1 site potential is known for many lac�

cases (Table 3), potentials of the T2 site are determined

only for the plant laccase from R. vernicifera (390 mV)

[102] and fungal laccase from T. hirsuta (400 mV) [143],

and the T3 site potential is determined for laccases from

R. vernicifera (460 mV) [102] and T. versicolor (785 mV)

[137]. Fluoride ion has a strong influence on redox

potential of the T3 site copper ion and slightly affects the

potential of copper ions of the T1 and T2 sites [137�143].

In the presence of fluoride ion the potential of the T3 site

of laccase from T. versicolor is 210 mV lower because of a

strong interaction of fluoride ion with the T2/T3 cluster

[137].

The T1 site potential of copper�containing enzymes

was earlier thought to depend on the ligand environment

of the type 1 copper ion and amino acid residues forming

the substrate�binding pocket [132, 144]. High�potential

laccases have a phenylalanine residue as an axial ligand of

the T1 site copper; in medium� and low�potential laccas�

es this role is played by leucine and methionine residue,

respectively. However, results of direct mutagenesis of

laccases from M. thermophila (Mt), R. solani (Rs), and T.

villosa (Tv) [136, 144] have shown that the ligand envi�

ronment of the T1 copper ion does not have a very strong

influence on its potential. Mutants in the axial ligand of

the T1 site (Mt�L513F, Rs�L470F, Tv�F463L, Tv�

F463M) and triple mutants of laccases (Mt�

V509L/S510E/G511, Rs�L466V/E467S/A468G) from

M. thermophila, R. solani, and T. villosa were obtained,

and their spectroscopic and catalytic features were deter�

mined. The substitution of leucine by phenylalanine in

the axial ligand position in laccases from M. thermophila

and R. solani had a slight influence on the T1 site poten�

tial and kinetics of substrate oxidation. The triple muta�

tion also slightly changed the T1 copper ion potential, but

strongly influenced catalytic properties of the enzyme

(the kcat value was markedly decreased on oxidation of

syringaldazine and ABTS (2,2′�azinobis(3�ethylbenzthi�

azoline�6�sulfonic acid) diammonium salt) and fluoride

ion�caused inhibition and changed the pH profile of the

activity [144]. The substitution of axial phenylalanine

residue by leucine in laccase from T. villosa decreased the

potential of the copper ion by 50 mV, and the substitution

by methionine decreased it by 110 mV. But the potential

of the T. villosa�F463M mutant (680 mV) remained

much higher than the T1 site potential of laccase from R.

vernicifera (430 mV). However, the mutation T. villosa�

F463M increased fivefold the Km value for syringaldazine

and 38�fold for ABTS, along with a simultaneous 1.7�fold

increase in the kcat value. It seemed that this mutation in

laccase from T. villosa changed the state of the T1 site

copper ion and affected the substrate�binding pocket,

increasing the Km value [136]. Thus the axial ligand of the

T1 copper ion was shown to have no significant effect on

redox potential of the T1 site of laccases.

It was recently suggested that an increase in the

length of the Cu–N bond should affect the T1 site redox

potential because of a decreased contribution of the free

electron pair of the nitrogen atom [117]. The short

α�helix (residues 455�461) which contains the ligand

His458 of the T1 copper in the high�potential laccase

from T. versicolor is farther from the copper ion compared

Laccase

High�potential

Trametes trogii [135]

Trametes ochracea [50]

Trametes hirsuta [50]

Trametes villosa [136]

Trametes versicolor [137]

Coriolopsis fulvocinerea [50]

Cerrena maxima [60]

Trametes pubescens LAC1 [138]

Pleurotus ostreatus POXC [135]

Trametes pubescens LAC1 [138]

Basidiomycete C30 Lac1 [84]

Rigidoporus lignosus B [135]

Medium�potential

Rhizoctonia solani [136]

Rigidoporus lignosus D [135]

Pleurotus ostreatus POXA1b [135]

Basidiomycete C30 Lac2 [84]

Coprinus cinereus [55]

Trichophyton rubrum [86]

Basidiomycete C30 Lac [139]

Scytalidium thermophilum [140]

Myceliophthora thermophila [136]

Low�potential

Rhus vernicifera [137]

Ascorbate oxidase [140]

Potential
of the T1 site, mV

(vs. NHE)

790

790

780

780

780

780

750

746

740

738

730

730

710

700

650

560

550

540

530

510

470

430

Table 3. Potentials of the T1 site of some oxidases
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to its location in the medium�potential laccase from C.

cinereus, and this is likely to be caused by formation of a

hydrogen bond between Glu460 and Ser113 of the first

domain. Owing to the formation of this hydrogen bond,

the whole His458�containing helix is shifted towards the

first domain and, thus, increases the distance between the

atoms Cu–N. In the laccase from C. cinereus the position

of Glu460 is occupied by methionine, which is unable to

produce a hydrogen bond. Possibly, just production of this

hydrogen bond (Ser–Glu) markedly influences the T1

copper ion potential. Comparison of available amino acid

sequences of laccases and their redox potentials confirms

this hypothesis: laccases which contain glutamic acid and

serine in positions corresponding to Glu460 and Ser113

in laccase from T. versicolor are high�potential ones [117,

140].

The T1 site of the enzyme is the primary acceptor of

electrons from reducing substrates. Laccases can directly

oxidize only compounds with ionization potential not

higher or slightly higher than the redox potential of the T1

site copper ion of the enzyme [145]. The potential of the

enzyme T1 site also determines the efficiency of catalysis

on oxidation of the majority of laccase substrates, and this

makes laccases with the high�potential T1 site promising

for biotechnology.

The range of compounds oxidized with involvement

of laccases can be enlarged using so�called redox media�

tors, which are laccase substrates producing high�poten�

tial intermediates as a result of enzymatic oxidation.

Under diffusion�controlled conditions, these intermedi�

ates can chemically (not enzymatically) react with other

compounds, which cannot be oxidized with involvement

only of laccases. The oxidized mediator is reduced to the

initial state by the compound subjected to oxidation, and

thus a closed cycle is created [146, 147].

CATALYTIC PROPERTIES OF LACCASES

AND MECHANISM OF CATALYSIS

Reduction of dioxygen. Notwithstanding many works

concerning blue copper�containing oxidases including

laccases, there is no general opinion about the electron

transfer pathway inside the protein globule and the mech�

anism of dioxygen reduction in the molecule. The T1 site

of laccases is thought to accept electrons from reducing

substrates, and then they are transferred onto the three�

nuclear T2/T3 cluster where molecular oxygen is activat�

ed and reduced to water [8, 148, 149].

Interaction of a completely reduced laccase with

molecular oxygen results in different forms of the

enzyme. Two well�studied forms are termed peroxide

intermediate and native intermediate [3, 104, 149, 150].

The native intermediate plays an important role in the

catalytic cycle of laccase [1]. During reaction with 17O2,

this intermediate acts as an oxygen radical. By EPR, all

four copper ions in the native intermediate were shown to

be oxidized [98]. The structure of this intermediate is dif�

ferent from that of the “resting” enzyme with the T2 site

copper ion not connected with ions of the T3 site.

Figure 3 shows a four�electron reduction of a dioxy�

gen molecule to water with involvement of laccase [151].

The completely reduced three�nuclear T2/T3 copper

cluster of laccase interacts with molecular oxygen pro�

ducing the peroxide intermediate. On using laccase with

the T1 copper ion substituted by the redox�inactive mer�

cury ion Hg2+, a peroxide bridge is generated between the

reduced T2 and oxidized T3 sites [98, 152]. This interme�

diate changes to a compound similar to the native inter�

mediate of laccase with four copper ions in the active site.

Production of the peroxide intermediate (in T1�Hg�lac�

case) and the native intermediate (in the native enzyme)

depends on the dioxygen concentration, and the second

order rate constants of these reactions are comparable.

The peroxide intermediate was supposed to contain the

ion O2
2–, with one of its oxygen atoms bound with the T2

and T3 copper ions and the other atom coordinated with

another copper ion of T3 [150, 151].

Splitting of the peroxide O–O bond on transition

from the peroxide to native intermediate includes a

Fig. 3. Catalytic cycle of laccase showing the mechanism of

reduction and oxidation of the enzyme copper sites [151].
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mechanism of proton and electron transfer which is not

clear in detail. The activation energy of this process is

found to be ~9 kcal/mol [98], and this is in agreement

with a mechanism that includes a one�electron reducing

decomposition of peroxide.

In turn, the native intermediate can slowly transform

to a completely oxidized form, which is often termed

“resting” laccase. The T1 site of this enzyme form can be

reduced by a substrate, but the rate of electron transfer

onto the three�nuclear copper cluster is too low to be sig�

nificant for catalysis [3, 8].

Oxidation of reducing substrates. Types of substrates
oxidized by laccases. Laccases catalyze oxidation of a

wide variety of organic compounds including phenols,

methoxy�substituted phenols, aminophenols, diamines,

and also some inorganic ions such as [Mo(CN)8]
4–,

[Fe(CN)6]
4–, [Os(CN)6]

4–, and [W(CN)8]
4– [1, 2, 8, 24,

153, 154]. In some works laccases were shown to oxidize

Mn2+ in the presence of different chelators [155�157].

Values of Km and kcat of different laccases widely vary

for the same substrate. The majority of laccases combine

a high affinity for ABTS and syringaldazine with a high

catalytic constant, whereas guaiacol and 2,6�

dimethoxyphenol are oxidized markedly slower and the

corresponding Michaelis constants are significantly high�

er. Low values of Km are specific for hydroquinone and

sinapic and syringic acids, whereas relatively high values

of Km are found for p�substituted phenols, vanillic acid,

and vanillic aldehyde. Laccases capable of oxidizing poly�

cyclic hydrocarbons or pentachlorophenols are

described, but catalytic constants have been calculated

only for some of them, e.g. laccase from T. versicolor [26].

Note that it is difficult to compare catalytic characteris�

tics of laccases isolated from different sources because of

different experimental conditions in different experi�

ments.

In work [50] laccases isolated from culture fluids of

the fungi T. hirsuta, T. ochracea, C. fulvocinerea, and C.

maxima were comprehensively studied under the same

conditions, and kinetic parameters of reactions catalyzed

by these laccases on oxidation of some organic substrates

and potassium ferrocyanide were determined. The Km

values of laccases from T. hirsuta, T. ochracea, C. ful�

vocinerea, and C. maxima for pyrocatechin were 142, 110,

85, and 120 µM; for guaiacol 63, 90, 70, and 160 µM; for

sinapic acid 24, 11, 21, and 24 µM; and for potassium fer�

rocyanide 180, 96, 170, and 115 µM, respectively. On oxi�

dation of organic substrates, laccase from T. hirsuta had

the highest catalytic constants among the enzymes. But

laccase from C. maxima displayed the highest value of kcat

on oxidation of an inorganic substrate, K4Fe(CN)6. The

lowest values of Km for all four enzymes have been record�

ed on oxidation of sinapic acid, which is a model lignin

compound. It seems that the substituent

(–CH=CH–COOH) in the para�position with respect to

the OH�group of the benzene ring has a negative

mezomeric effect that enhances the efficiency of catalysis

by nearly an order of magnitude.

Some fungi produce a number of laccase isoforms

with similar values of Km and kcat for different substrates.

Thus, the basidiomycete T. gallica produces two enzymes

(Lac I and Lac II), and the Km values of Lac I and Lac II

on oxidation of ABTS, 2,6�dimethoxyphenol, and guaia�

col are 1.2, 420, and 405 µM and 0.9, 410, and 400 µM,

respectively [80]. Two laccase forms (Lc1 and Lc2) were

isolated from culture fluid of the basidiomycete T. pubes�

cens with similar values of kcat for such substrates as

hydroquinone, pyrocatechin, ABTS, and K4Fe(CN)6

[81]. The above�mentioned fungus P. ostreatus produces a

number of isoenzymes, with very different values of kcat:

from 230 µM for POXC to 14,000 µM for POXA3 with

2.6�dimethoxyphenol used as the donor substrate.

Moreover, only two enzymes (POXA2 and POXC) could

oxidize guaiacol [72, 73].

The optimum pH for the majority of fungal laccases

is in the range from 3.5 to 5.0 when organic donors of

hydrogen atoms are used as substrates, and the pH�

dependence curve is bell�shaped [9, 51, 55, 59, 61, 77, 88,

158, 159]. Such a profile of the laccase activity on oxida�

tion of phenolic compounds is caused by two effects. On

one hand, with increase in pH of the solution ionization

potential of phenolic compounds decreases as a result of

production of phenolate anion (∆E/∆pH = 59 mV at

25°C) that has to enhance the rate of the enzymatic reac�

tion. On the other hand, with increase in pH of the solu�

tion the rate of laccase�catalyzed enzymatic reactions

decreases at the cost of OH–�ion binding with the T2/T3

site of the enzyme [145].

However, during oxidation of substrates which are

electron donors (e.g. K4Fe(CN)6, ABTS) the activity of

laccases monotonously decreases with changes in the

solution pH from 2.5 to 7.0 [49, 61, 68, 77, 159]. This

occurs because protons are not involved in oxidation of

such substrates and the influence of pH on redox poten�

tial of such compounds is minimal. In this case, the

decrease in the enzyme activity is associated with binding

of the hydroxide ion with the T2/T3 site of the enzyme.

The pH optimum of laccase from lacquer tree for

substrates that are donors of hydrogen atoms was different

from that of fungal laccases: laccase from Rhus vernicifera

displayed maximal activity in neutral and weakly alkaline

solutions. For electron donor substrates, the pH profile of

the activity was similar to that of fungal laccases [5, 6, 9].

The temperature optimum of the majority of

enzymes is in the limits of 50�70°C (Table 1), although

the activity of laccase from G. lucidium is maximal at 25°C

[87, 90]. The half�inactivation time of laccases varies

from a few minutes at 50°C for laccase from B. cinnerea

to 3 h at 75°C for laccase from Pycnoporus sanguineus

[76].

The activity of laccases is inhibited by various organ�

ic and inorganic compounds [2, 160]. Small inorganic
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anions, such as fluoride, chloride, azide, and hydroxide

anions bind with the T2/T3 site of laccases, and this pre�

vents the electron transfer from the T1 site of the enzyme

onto the T2/T3 cluster and inhibits the enzymatic activi�

ty [154, 160]. Such compounds as dithiothreitol and thio�

glycolic and ethyldithiocarbamic acids also are inhibitors

of laccases [19, 48, 96]. However, in the work [161] some

substances described as laccase inhibitors (dithiothreitol,

thioglycolic and ethyldithiocarbamic acids, cysteine, and

sodium azide) were tested in reactions of ABTS and 2,6�

dimethoxyphenol oxidation using laccase from T. versi�

color. Only azide ion was a true inhibitor of laccase when

either substrate was used. All the other compounds did

not inhibit the laccase activity, but the earlier described

inhibitory effects were caused by reduction of the reaction

products, such as ABTS+• and quinone, or by subsequent

nonenzymatic interactions during oxidation of the sub�

strate, which resulted in an apparent decrease in the lac�

case activity.

ELECTROCATALYTIC PROPERTIES

OF LACCASES

Bioelectrocatalysis is a term for reactions accelerat�

ing electrochemical processes. Bioelectrocatalysis is can

be a direct and or a mediated coupling of enzymatic

catalysis and electrochemical reaction. The concept of

“bioelectrocatalysis” was introduced in the 1970s in a

description of a direct mediator�free biocatalysis by redox

enzymes. This phenomenon was later termed direct elec�

tron transfer (DET) [162, 163]. Direct mediator�free

electrocatalysis is based on the possibility of immediate

electron exchange between the active site of the enzyme

and an electrode in the absence of mediator [162, 164].

Note that during this reaction the electrode acts as a

“substrate” of the enzyme. Bioelectrocatalysis by the

DET mechanism was shown for the first time for laccase

from T. versicolor [162]. A carbonaceous electrode with

laccase immobilized on its surface was the electron donor,

and dioxygen was electroreduced to water through a four�

electron mechanism. The mechanism of this reaction is

similar to that of an enzymatic reaction with involvement

of low�molecular�weight compounds as electron donors.

The normal oxygen potential of 1.23 V for the pair

O2/H2O can be obtained only under special conditions,

with a preliminarily prepared platinum electrode and in

especially pure solutions [165]. A stationary potential

established in the oxygen atmosphere on carbonaceous

electrodes is far from the equilibrium oxygen potential

and is ~0.6�0.7 V. Addition into solution of small

amounts of laccase caused a displacement of the elec�

trode potential to positive values and accelerated oxygen

electroreduction within the potential range of 0.6�1.2 V.

Stationary potentials of electrodes from different

materials (gold, pyrographite, glass�carbon, and soot)

were studied in the presence and absence of laccase

under aerobic and anaerobic conditions [162]. In the

presence of laccase, high values of stationary potentials

were established only in the oxygen atmosphere. The sta�

tionary potential value and currents at this potential

increased only with increase in the amount of adsorbed

enzyme. The maximal value of potential +1.207 V (ver�

sus normal hydrogen electrode (NHE)) in the same solu�

tion (when pH values of the operating and reference

electrodes were equal) was close to the equilibrium oxy�

gen potential and established on soot electrodes, which

were preliminarily kept in laccase solution for 24 h. The

enzyme adsorption of soot electrodes was virtually irre�

versible.

The enzymatic nature of electrocatalysis was proved

by a specific inhibition of electrocatalytic effects by fluo�

ride or azide ions and enzyme inactivation by heating

[140, 166]. Using a disk�ring electrode, it was shown that

in the potential range of 0.6�1.2 V, where oxygen was

reduced on the electrode with adsorbed laccase, no

hydrogen peroxide was produced as an intermediate

product of the reaction [163].

The rate of oxygen electroreduction on laccase�

modified electrodes depended on the electrode material,

mode of its preparation, and partial oxygen pressure in

the system [140, 141, 163, 167].

Electroreduction of molecular oxygen on electrodes

made of highly oriented pyrolytic graphite with adsorbed

laccase from T. versicolor was studied in [168]. The start�

ing potential for laccase to catalyze electroreduction of

O2 (about 735 mV versus NHE) was close to the redox

potential of the enzyme T1 site (780 mV with respect to

NHE).

Notwithstanding multiple publications concerning

direct (mediator�free) electron transfer, the molecular

mechanism of DET between electrode and laccase is not

clear in detail. The phenomenon of bioelectrocatalysis

was used as a basis for creating biosensors and biofuels

[140, 169�179].

POSSIBLE APPLICATIONS OF LACCASES

IN BIOTECHNOLOGY

Catalytic and electrocatalytic properties of laccases

pose the possibility of their wide application in pulp and

paper, textile, and cosmetic industries, for detoxification

and decoloration of sewage, in organic synthesis, for

degradation of xenobiotics and bioremediation, to create

antimicrobial compositions, in production of wood�fiber

plates, wood blocks, and cardboard without using toxic

linkers, for production of detergents, and in elaboration

of biosensors and cathodes of biofuels [2, 23, 30, 154,

180�187] (Fig. 4).

Application of laccases in practice is based on two

mutually related lines: a search for enzymes with new
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physicochemical properties and also for highly effective

intensifiers and promoters of the action of these enzymes.

All approaches and prospects of application of laccases in

biotechnology are based on their ability to produce free

radicals during oxidation of different substrates.

There are attempts at using redox enzymes, includ�

ing laccases, for delignification of lignocellulose and

modification of lignocellulose materials to impart new

features to them [180, 181, 188]. At present delignifica�

tion of paper pulp with laccase�mediator systems (LMS)

is realized on the level of pilot setups. Application of

crude laccase preparations combined with different medi�

ators for bleaching flax fiber seems promising, especially

in Russia [189].

Laccases are also very promising for application in

food industry for stabilization and improvement of quali�

ty of different drinks and deoxygenation of perishable

products containing plant oils. Prospects of laccase appli�

cations in food industry are described in reviews [23, 183,

186, 190, 191].

The phenomenon of direct electron transfer from an

electrode to laccase molecules was used for creation of a

biofuel cathode [172�174]. Based on this phenomenon,

microbiofuels were created during recent years using glu�

cose oxidase (anode) and laccase or bilirubin oxidase

(cathode) [192, 193].

Amperometric biosensors based on laccases have

been described for analysis of different phenolic com�

pounds (chloro�substituted phenols, catecholamines,

lignin, tea tannins) and also ascorbic acid [175, 177, 178,

194�197]. In such biosensors a Clark�type oxygen or a

carbonaceous electrode is used. These biosensors func�

tion in a flow�injection regimen or in a system with stir�

ring. To enlarge the range of phenolic compounds to be

analyzed, a biosensor has been created on the base of co�

immobilized laccase and tyrosinase [169].

Laccase from the fungus C. hirsutis (T. hirsuta) can

be used as a marker enzyme for analysis of the pesticide

2,4�D [198]. As differentiated from peroxidase, which has

hydrogen peroxide as another substrate, the second sub�

strate of laccase is air oxygen, and this makes the analyt�

ic procedure much easier and allows the standard equip�

ment for ELISA to be used. On the base of DET a pseu�

do�free of reagents immunosensor has been elaborated,

with laccase as a marker enzyme [171]. Laccase�based

highly sensitive systems are proposed for analysis of nar�

cotic�containing compounds and biogenic amines [199�

201].

Bioremediation includes all procedures directed for

biotransformation of a pollution�changed environment in

order to recover its initial state. For this purpose, laccases

(and LMS) are very promising owing to their wide sub�

strate specificity and ability to degrade many phenolic

compounds [154, 184, 202�205]. Oxidation of toxic sub�

strates by laccase with production of insoluble products

and the subsequent separation of the precipitate is a

promising approach for purification of industrial sewage.

Organophosphorus compounds (in particular, vari�

ous insecticides and neuroparalytic poisons) are very

toxic and cannot be sufficiently hydrolyzed nonenzymat�

ically. Purified laccase from the fungus P. ostreatus in the

presence of ABTS completely and at high rate oxidative�

ly destroyed neuroparalytic VX gases and the insecticide

diisopropylamiton [206].

Laccase can be also used in fine organic synthesis,

e.g. for oxidation of hydroxyl groups of sugar derivatives

[207, 208], vinblastin synthesis from vindolin [2], free

radical polymerization on polysulfostyrene matrix result�

ing in electroconducting water�soluble polyaniline [209].

Thus, laccases are very interesting for both funda�

mental studies on their structure and catalytic mechanism

and application in biotechnology.
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