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The oxidation of polycyclic aromatic compounds was studied in systems consisting of laccase from Trametes
versicolor and so-called mediator compounds. The enzymatic oxidation of acenaphthene, acenaphthylene,
anthracene, and fluorene was mediated by various laccase substrates (phenols and aromatic amines) or
compounds produced and secreted by white rot fungi. The best natural mediators, such as phenol, aniline,
4-hydroxybenzoic acid, and 4-hydroxybenzyl alcohol were as efficient as the previously described synthetic
compounds ABTS [2,2*-azino-bis-(3-ethylbenzothiazoline-6-sulfonic acid)] and 1-hydroxybenzotriazole. The
oxidation efficiency increased proportionally with the redox potentials of the phenolic mediators up to a
maximum value of 0.9 V and decreased thereafter with redox potentials exceeding this value. Natural com-
pounds such as methionine, cysteine, and reduced glutathione, containing sulfhydryl groups, were also active
as mediator compounds.

The concerted action of fungal laccases and oxidizable low-
molecular-weight compounds (called mediators in some stud-
ies) was found to extend or permit oxidation of nonsubstrate
compounds by this enzyme class; an overview of the chrono-
logical development of these processes has been recently pre-
sented (26). However, this system received widespread atten-
tion only when used for bleaching kraft pulp, thus showing
promise for biotechnological application (11, 12, 13, 14, 15).
Subsequently these laccase mediator systems (LMS), as they
are commonly referred to, were also applied to the oxidation of
various compounds, and they seems to be useful in preparative
synthesis as well (20, 31). Another area of interest with regard
to the LMS originates from its application in the degradation
of environmental chemicals such as polycyclic aromatic hydro-
carbons (PAH) (9, 16, 22, 25).

The choice of the proper mediator substance plays a key role
in the general applicability and effectiveness of the system.
More than 100 possible mediator compounds have already
been described (13), but the most commonly used are still
2,29-azino-bis-(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS)
and 1-hydroxybenzotriazole (HBT). HBT and ABTS are oxi-
dized by laccases to the radical (HBT˙), the cation radical
(ABTS1˙), and the ABTS dication (ABTS21); the role of
these oxidized species as the essential oxidants for aromatic
alcohols has been recently demonstrated (10, 26). In a previous
study we reported that the oxidation of a high-molecular-
weight PAH model compound is performed by the LMS via
ABTS21 and HBT˙ by an indirect oxidation without direct
contact of the substrate and enzyme (A. Majcherczyk and C.
Johannes, submitted for publication).

The most relevant disadvantages of all known effective me-
diator compounds are either high price or toxicity. Generally,
the compounds applied are products of chemical synthesis, and
it is still not clear whether the LMS plays a role in natural
systems. The ability of white rot fungi secreting only laccases as
oxidative enzymes to degrade lignin model compounds (37) or
environmentally relevant recalcitrant compounds and the im-

portance of these enzymes in wood degradation (6) could,
however, indicate the presence of an LMS with a natural ori-
gin. This supposition can also be supported by the lack of a
direct correlation between enzyme activity and the biodegra-
dation of aromatic xenobiotic compounds by laccase-produc-
ing fungi (33).

The role of free radicals resulting from the oxidation of
ABTS or HBT by laccase in the LMS oxidation processes gives
rise to the supposition that typical laccase substrates which
form radicals can also act as mediator compounds. The present
study demonstrates that a number of compounds, either pro-
duced by fungi or present during the degradation of lignocel-
lulose substrates, mediate the oxidation of PAH by laccase
from Trametes versicolor.

MATERIALS AND METHODS

Chemicals. Tween 20 was purchased from Sigma (Deisenhofen, Germany).
Acenaphthene was obtained from Across Chimica (Neuss, Germany). All other
reagents and substrates were provided by Aldrich (Steinheim, Germany) and
Fluka (Neu-Ulm, Germany).

Laccase and enzyme assay. Laccase from T. versicolor was generously donated
by Novo Nordisk (Bagsvaerdt, Denmark) and purified as previously described
(25). Enzyme activity was determined by oxidation of ABTS (22).

Analysis of PAH. Samples were analyzed by gas chromatography and mass
spectrometry as previously described (25).

Oxidation of PAH by LMS. All experiments were performed in 0.1 M citric
acid–dipotassium hydrogen phosphate buffer (pH 4.5) containing 2.5% acetone
(or 1% Tween 20, as indicated), a final concentration of 4 U of enzyme per ml,
and a 25 or 5 mM concentration of each PAH as a mixture of 4 or 12 compounds,
respectively (see reference 25 for details). All determinations were performed in
triplicate. Control samples were prepared in the same manner, but the enzyme
was deactivated by 30 min of boiling preceding the addition of the mediator and
the substrate.

RESULTS

The present study on the oxidation of PAH by LMS and the
role of free radicals from natural mediators concentrated
mainly on the four compounds that are known to be well
oxidized in systems using ABTS or HBT: acenaphthene, ace-
naphthylene, fluorene, and anthracene (23, 25). The reactions
with LMS involving radicals produced from the synthetic me-
diator compounds by laccase were expected to also take place
in the case of other compounds, especially typical laccase sub-
strates such as phenols and aromatic amines. The application
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of phenol and aniline as natural mediators for the oxidation of
anthracene resulted in a very effective removal of PAH and the
production of anthraquinone (Fig. 1). Even very low concen-
trations (0.02 mM) of phenol and aniline increased the oxida-
tion of anthracene by laccase and resulted in a stoichiometric
reaction. Higher concentrations of the mediators resulted in an
almost complete oxidation of anthracene but (possibly due to
the production of coupling products with oxidized mediators)
in a nonstoichiometric production of the quinone. No increase
in the anthracene oxidation was observed with the application
of other laccase substrates (2,6-dimethoxyphenol, pyrogallic
acid, ferulic acid, and syringaldazine at 1 mM each); however,
1,4-hydroquinone increased the oxidation from 20% 6 2.9%
(oxidation by laccase without mediator) to 33% 6 0.8%.

The oxidation of PAH involving direct participation of phe-
noxy radicals is assumed to depend on the redox potentials
(Eoxs) of the individual radical species. Otherwise, the rate of
oxidation of the phenolic substrate would decrease after ex-
ceeding the redox potential of the enzymes. To confirm this
supposition, a number of phenols with increasing Eoxs were
tested with regard to their ability to oxidize PAH in LMS. To
exclude sterical hindrance, only para-substituted compounds
were selected. The highest level of oxidation of all PAH tested
was obtained with phenolic mediators with Eoxs of 0.8 to 0.9 V
(Fig. 2). Increasing the Eox over 1 V resulted in a rapid de-
crease of the mediator effect; however, this was still significant
even with phenols possessing an Eox of 1.2 V, which far exceeds
the redox potentials of common laccases. Only in the cases of
anthracene and halogenated phenols did the oxidation not
follow the general pattern, but it was still proportional to the
Eoxs of the halogenated mediators.

The white rot fungi secrete a large number of low-molecu-
lar-weight aromatic compounds, some of which are phenol
derivatives and potential laccase substrates (21). The applica-
tion of such compounds as natural mediators for the oxidation
reactions of laccase was demonstrated using the four selected
PAH (Fig. 3). The best overall results were obtained with
4-hydroxybenzoic acid (HBA) and 4-hydroxybenzyl alcohol;
veratryl and anise alcohols actually inhibited the reaction. In
the case of HBA at least 0.1 mM was necessary to significantly
increase the oxidation reactions performed by laccase. The
system consisting of laccase and HBA also oxidized highly
condensed PAH such as benzo[a]pyrene and showed metabo-
lization comparable to that mediated by HBT (Table 1).

FIG. 1. Oxidation of anthracene (84 mM) to 9,10-anthraquinone by laccase
(4 U/ml) with different concentrations of phenol (A) and aniline (B). The
solution contained 1% Tween 20. Results are means and standard deviations.

FIG. 2. Oxidation of four PAH (25 mM each) by laccase (4 U/ml) and the
para-substituted phenols (1 mM) 4-methoxyphenol (MePhe) (Eox, 0.54 V versus
NHE), 4-fluorophenol (FlPHe) (0.76 V), phenol (Phe) (0.79 V), 4-chlorophenol
(ChPh) (0.8 V), 4-bromophenol (BPh) (0.82 V), HBA (0.9 V), 4-hydroxyaceto-
phenone (HAP) (1.0 V), 4-hydroxybenzonitrile (HBN) (1.12 V), and 4-nitrophe-
nol (NPhe) (1.22 V) with respect to their redox potentials (24). The oxidation by
laccase without phenols is indicated by dashed lines. Results are means and
standard deviations.
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The selection of the natural mediators was also extended to
some amino acids and their derivatives, even though some of
them had not been described as being laccase substrates. It was
not surprising that the best overall result was obtained using
the phenolic amino acid tyrosine (Table 2); however, com-
pounds containing a thiol group (reduced glutathione, cys-
teine, and methionine) also increased the oxidation of single
PAH significantly.

DISCUSSION

The oxidation of PAH by the action of LMS proceeds with-
out direct contact between the substrate and the enzyme and
involves the action of the low-molecular-weight mediator com-
pound in its oxidized state (Majcherczyk and Johannes, sub-
mitted). The primary reactions seem to proceed via abstraction
of one electron or hydrogen atom in a single step; however,
even the reactions that produce a very good yield involve a
large difference between the oxidation potentials of the radi-
cals or cations (ABTS21, 1.09 V [34]; HBT˙, 1.0 V [2]) and the
single PAH (up to 1.55 V [25]) in a number of cases. The
thermodynamically unfavorable reactions resulting from the
negative difference in the oxidation potentials of the substrate
and oxidant are generally possible if a follow-up process irre-
versibly removes one of the products from the equilibrium of
the first reaction (26, 32, 35). The abstraction of one electron
from PAH can be followed by the addition of water (or of the

hydroxyl ion) or by further oxidation steps. Similar thermody-
namic rules also apply to the oxidation of ABTS and HBT by
laccases. The mechanism of these reactions was recently dis-
cussed, and the laccase oxidation of ABTS to its dication was
demonstrated (26). The reactivities of various PAH possessing
similar Eoxs can also be affected by steric hindrance, their
electronic structures (25), or the formation of complexes with
the oxidant (38).

It can be generally assumed that under the reaction condi-
tions discussed above, all radicals formed by laccase oxidation
can potentially act as mediator compounds metabolizing other
nonsubstrate compounds, e.g., PAH. This was confirmed by
applying phenol, hydroquinone, and aniline as the simplest
laccase substrates. The oxidation ability of the LMS using
phenols increases with a less negative difference between the
oxidation potentials of phenoxy radicals and the desired PAH;
however, an increase of the redox potential of the phenol
results in a lower rate of oxidation of the phenol by the enzyme
(Eoxs of fungal laccases are approximately 0.5 to 0.8 V). The
reaction does not terminate with phenols with oxidation po-
tentials higher than the Eox of laccase, because phenols can still
be well oxidized below their nominal Eox values (18). These
two contradictory processes result in an optimum point, cor-
responding in our case to phenolic mediators with Eoxs of 0.8
to 0.9 V. It is obvious that conditions which increase the life-
time of the radicals have a positive effect on the oxidation
yield. Different results can be expected using mediators in, e.g.,
water solutions containing detergent or acetone.

One of the best phenolic-type mediators tested was HBA.
HBA, together with numerous aromatic compounds, is pro-

TABLE 1. Oxidation of 12 PAH by laccase from T. versicolor
alone and in the presence of HBA or HBT

PAH (5 mM)
Oxidation (% of control without enzyme) witha:

Laccase Laccase 1 HBA Laccase 1 HBT

Naphthalene 0.7 6 2.5 0.0 6 1.9 0.0 6 2.1
Acenaphthylene 7.5 6 1.4 93.7 6 1.3 97.5 6 0.1
Acenaphthene 6.9 6 2.5 96.7 6 1.7 100.0 6 0.0
Fluorene 1.8 6 1.7 83.9 6 4.9 95.3 6 0.2
Phenanthrene 0.0 6 1.1 0.0 6 1.6 7.3 6 2.7
Anthracene 73.8 6 1.2 83.9 6 0.9 84.0 6 0.4
Fluoranthene 0.0 6 1.9 0.6 6 2.2 6.8 6 1.2
Pyrene 0.0 6 1.6 19.6 6 5.0 86.5 6 1.4
Chrysene 0.0 6 2.2 0.7 6 2.8 0.0 6 2.0
Benzo[k]fluoranthene 0.0 6 1.9 5.4 6 4.6 2.1 6 5.4
Benzo[a]pyrene 5.3 6 1.7 52.9 6 4.9 62.0 6 2.1
Perylene 0.0 6 1.4 79.9 6 4.9 87.8 6 2.8

a Laccase was at 4 U/ml; HBA and HBT were at 1 mM. Results are means and
standard deviations.

TABLE 2. Oxidation of PAH by laccase from T. versicolor in
the presence of amino acids and derivatives

Amino acid or
derivative
(1 mM)

Oxidation (% of control) ofa:

Acenaphthylene Acenaphthene Fluorene Anthracene

None 42.5 6 0.1 20.1 6 0.1 2.6 6 0.3 25.7 6 0.6
Methionine 47.3 6 3.5 8.2 6 4.2 4.9 6 1.9 33.2 6 3.3
Cysteine 95.3 6 0.9 5.9 6 4.1 0.1 6 2.6 19.9 6 4.8
Tyrosine 97.9 6 0.3 42.5 6 5.0 18.3 6 6.4 44.2 6 6.2
Tyrosine hydrazide 97.9 6 0.1 41.0 6 4.9 31.8 6 2.5 63.0 6 5.9
Reduced glutathione 99.2 6 0.1 15.0 6 2.2 3.6 6 2.0 34.1 6 1.9

a Each PAH was at 25 mM; laccase was at 4 U/ml. Results are means and
standard deviations.

FIG. 3. Oxidation of four PAH (25 mM each) by laccase (4 U/ml) in presence
of the natural compounds veratryl alcohol (VA), HBA, phenylacetic acid (PAA),
benzaldehyde (BA), anisaldehyde (AA), 4-hydroxybenzaldehyde (HBAld), and
4-hydroxybenzyl alcohol (HBAlc) at 1 mM each. Dashed lines indicate reactions
with laccase only. Results are means and standard deviations.

526 JOHANNES AND MAJCHERCZYK APPL. ENVIRON. MICROBIOL.



duced and secreted by white rot fungi (1, 3, 4, 5). Some of these
compounds, such as 4-hydroxybenzyl alcohol and 4-hydroxy-
benzaldehyde, were also found to be active as mediators in the
oxidation of PAH. HBA very effectively mediated the oxida-
tion of environmentally relevant highly condensed PAH such
as benzo[a]pyrene and perylene and displayed an oxidation
pattern comparable to that of the artificial synthetic mediator
HBT.

Due to its phenolic character, tyrosine (or its derivatives)
also acts as a mediator compound. The positive effect obtained
through use of the SH group-containing amino acids and com-
mon natural compounds such as reduced glutathione was un-
expected. It could indicate that these compounds are also sub-
strates of laccase from T. versicolor, possibly resulting in thiyl
radicals as was demonstrated for manganese and horseradish
peroxidases (27, 39). Cysteine and glutathione reportedly do
not react with laccase from Pycnoporus cinnabarinus and act as
a reductant towards semiquinones as well (19).

The degradation of PAH by white rot fungi does not proceed
by a single oxidative pathway, and the intracellular degradation
of some polycyclic aromatic compounds, e.g., phenanthrene
(7), has been reported. The ability of extracellular peroxidases
(e.g., ligninase) to metabolize PAH directly or by formation of
peroxide radicals was demonstrated in numerous studies. How-
ever, the possible physiological role of LMS by the oxidation of
these aromatics has not been proved in vivo up to now. 3-Hy-
droxyanthranilic acid, a compound secreted into the culture
medium by P. cinnabarinus and described as a mediator com-
pound for the depolymerization of synthetic lignin (17), was
not active in this study.

It seems very probable that the above-described mechanism
and natural mediators may play an important role in the deg-
radation of PAH by white rot fungi. The presence of an LMS
utilizing natural mediators could explain the ability of laccase-
producing fungi to extracellulary metabolize PAH and the lack
of a direct correlation between the enzyme activity and degra-
dation.

The mediating phenoxy radicals undergo further oxidation
to quinones or polymerize and are thus withdrawn from the in
vitro reaction system. Still, the high concentration of mediators
used in LMS could be extremely diminished under physiolog-
ical conditions by the presence of reducing systems that re-
cycle these compounds. The natural mediators described here,
especially the two most effective (HBA and 4-hydroxybenzyl
alcohol), and their derivatives can be expected to play an
important role in the degradation of aromatic compounds by
laccase-producing fungi. Both compounds are (i) secreted ex-
tracellulary by numerous fungi as mentioned above, (ii) pres-
ent in situ as common secondary plant metabolites (28, 29, 36),
and (iii) released in large amounts during the microbial deg-
radation of lignocellulose (8, 30). Further studies will be done
to estimate the physiological importance of the LMS in vivo.
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33. Schützendübel, A., A. Majcherczyk, C. Johannes, and A. Hüttermann. 1999.
Degradation of fluorene, anthracene, phenanthrene, fluoranthene, and py-
rene lacks connection to the production of extracellular enzymes by Pleurotus
ostreatus and Bjerkandera adusta. Int. Biodeterior. Biodegrad. 43:93–100.

34. Scott, S. L., W. J. Chen, A. Bakac, and J. H. Espenson. 1993. Spectroscopic
parameters electrode potentials, acid ionization constants, and electron ex-
change rates of the 2,29-azinobis(3-ethylbenzothiazolone-6-sulfonate) radi-

cals and ions. J. Phys. Chem. 1993:6710–6714.
35. Shono, T., Y. Matsumura, M. Mizoguchi, and J. Hayashi. 1979. Oxidation of

alcohols by active species generated by electrochemical oxidation of orga-
nosulfur compounds. Tetrahedron Lett. 40:3861–3864.

36. Shunming, W., Z. Yinlian, and C. Yingpe. 1985. A preliminary study on the
phenolic glucosides and phenolic acids from the bark of several species of
poplar. Chem. Ind. Forest Prod. 5:1–8.

37. Srebotnik, E., K. A. Jensen, Jr., and K. E. Hammel. 1994. Fungal degrada-
tion of recalcitrant nonphenolic lignin structures without lignin peroxidase.
Proc. Natl. Acad. Sci. USA 91:12794–12797.

38. Svanholm, U., and V. D. Parker. 1976. Kinetics and mechanisms of the
reactions of organic cation radicals and dications. V. Kinetics of thermody-
namically unfavourable electron transfer reactions between cation radicals
and aromatic compounds. J. Chem. Soc. Perkin Trans. II 1976:1567–1574.

39. Wariishi, H., K. Valli, V. Renganathan, and M. H. Gold. 1989. Thiol-medi-
ated oxidation of nonphenolic lignin model compounds by manganese per-
oxidase of Phanerochaete chrysosporium. J. Biol. Chem. 264:14185–14191.

528 JOHANNES AND MAJCHERCZYK APPL. ENVIRON. MICROBIOL.


