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Abstract

Bisphenol A (BPA) and nonylphenol (NP) were treated with manganese peroxidase

(MnP) and laccase prepared from the culture of lignin-degrading fungi. Laccase in the
presence of 1-hydroxybenzotriazole(HBT), the so-called laccase-mediator system, was
also applied to remove the estrogenic activity. Both chemicals disappeared in the
reaction mixture within a 1-h treatment with MnP but the estrogenic activities of BPA
and NP still remained 40% and 60% in the reaction mixtures after a 1-h and a 3-h
treatment, respectively. Extension of the treatment time to 12 h completed the removal
of estrogenic activities of BPA and NP. The laccase has less ability to remove these
activities than MnP, but the laccase-HBT system was able to remove the activities in 6 h.
A gel permeation chromatography (GPC) analysis revealed that main reaction products
of BPA and NP may be oligomers formed by the action of enzymes. Enzymatic
treatments extended to 48 h did not regenerate the estrogenic activitie, suggesting that
the ligninolytic enzymes are effective for the removal of the estrogenic activities of BPA

and NP.
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1. Introduction

Considerable concern has recently been expressed over the possibility that some
man-made chemicals that mimic the effects of hormones (particularly estrogens) may
adversely affect reproduction in wildlife and humans (Colborn and Clement, 1992;
Stone, 1994). Like natural estrogens, these estrogenic chemicals can bind to the
estrogen receptor and regulate the activlty of estrogen responsive genes. Therefore, such
effects have raised concern that prolonged exposure to environmentally relevant
concentrations of these chemicals could result in reproductive toxicity. Bisphenol A (2,
2-bis(4-hydroxyphenyl)propane; BPA) and nonylphenol (NP) are widely used in a
variety of industrial and residential applications, and are suspected of having estrogenic
(endocrine-disrupting) activity (Sato et al., 1991; While et al., 1994; Perez et al., 1998;
Schaer et al., 1999). It was reported that a gram-negative aerobic bacterium can degrade
BPA (Lobos et al., 1992; Spivack et al., 1994) and that an aerobic bacterium, tentatively
identified as a Sphingomonas sp., utilizes NP as its only carbon and energy source
(Tanghe et al., 1999). However, degradation of BPA and NP by microorganisms other
than bacteria has not yet been attempted. There is currently great interest in the
lignin-degrading fungi and ligninolytic enzymes because their industrial potentials
are recognized in biomechanical pulping (Kashino et al., 1993) , biobleaching (Paice et
al., 1993; Katagiri et al., 1995; Ehara et al., 1997), and degradation and detoxification of

recalcitrant environmental pollutants such as dioxins (Bumpus et al., 1985),



chlorophenols (Joshi and Gold, 1993), nylon (Deguchi et al., 1997; Deguchi et al.,
1998), polyethylene (liyoshi et al., 1998; Ehara et al., 2000), and dyes (Ollikka et al.,
1993; Nishida et al., 1999). It has been demonstrated that laccase, manganese
peroxidase (MnP), and/or lignin peroxidase (LiP) producedc extracellularly by
lignin-degrading fungi are involved in the degradation of lignin and these pollutants.
Both BPA and NP are phenolic compounds and they are therefore good substrates for
the above ligninolytic enzymes as well as for lignin. In this study, we applied the
ligninolytic enzmes, laccase and MnP, to the treatments of BPA and NP, and described
the removal of their estrogenic activities assayed by the two-hybrid yeast system

(Nishikawa et al., 1999).

2. Materials and methods
2.1. Chemicals and enzyme preparations

BPA and NP used in this study were extra pure grade purchased from Tokyo
Chemical Industry (Tokyo, Japan). All other chemicals were also extra pure grade,
obtained from commercial sources, and used without further purification. Partially
purified MnP and laccase were prepared from the culture of Phanerochaete
chrysosporium ME-446 and Trametes versicolor IFO70473, respectively, according to
our previous reports (Katagiri et al., 1997; Nishida et al., 1999). The partially purified

MnP did not contain any laccase, and vice versa. LiP activity was not detected in both



enzyme preparations. However, the number of isoenzymes in each enzyme was not

confirmed.

2.2. Enzyme assay

Laccase activlty was determined by monitoring the oxidation of 2,6-dimethoxyphenol
(DMP) at 470 nm. The reaction mixture contained | mM DMP, 50 mM malonate buffer
(pH 4.5). MnP activity was determined in the same manner except that the reaction
mixture contained 0.1 mM MnSQOy and 0.2 mM H,0,. One unit of each enzyme activity
is defined as the amount of enzyme producing 1 pumol of the quinone dimmer per min

from DMP (Wariishi et al., 1992).

2.3. Enzymatic treatments of BPA and NP

For the MnP treatment, the reaction mixture consisted of BPA (0.22 mM) or NP
(0.23mM), partially purified MnP (100 mU/ml), 50 mM malonate buffer (pH 4.5),
MnSO4 (50 uM), and glucose (25 mM) and glucose oxidase (2 U; Wako, Osaka, Japan)
to supply H0,. In the case of NP, the above reaction mixture contained 0.5% methanol
and 0.075% Tween 80 to facilitate the solubility of NP. The reaction was carried out at
30°C with stirring at150 rpm. The laccase treatment was performed in the same manner
except that laccase (100mU/ml) was used instead of MnP, and MnSQy, glucose, and

glucose oxidase were omitted from the reaction mixture. For the laccase-mediator



system, 0.2 mM 1-hydroxybenzotriazole (HBT) was added into the reaction mixture for

laccase treatment (Bourbonnais et al., 1997).

2.4 .Analyses of BPA and NP treated with enzyme
Residual BPA in the enzymatic reaction mixture was determined by
high-performance liquid chromatography (HPLC) analysis. The analytical conditions
were as follows:
Column: Wakosil-IISC18HG (Wako);
Eluent: linear gradient from 0% to 95% of acetonitrole in water containing 0.1%
trifluoroacetic acid;
flow rate: 0.6 ml/min;
detection: 275 nm.
HPLC analysis of NP was also performed using Wakosil-IISC8HG (Wako) column
using an isocratic elution with 80% methanol at 0.8 ml/min, and detection at 277 nm.
The reaction mixture was subjected to gel permeation chromatography (GPC) to
determine changes in molecular weight distribution of BPA and NP. For GPC analysis
of BPA, a TSKgel G3000PW column (Tosoh, Tokyo), a mobile phase consisting of
0.05N NaOH, a flow rate of 0.6 ml/min, and detection at 275 nm were used. For GPC
analysis of NP, a TSKgel a-M (Tosoh), a mobile phase consisting of 90% methanol and

containing 12 mM lithium chloride, a flow rate of 0.8 ml/min, and detection at 277 nm



were used.

2.5. Estrogenic activities of BPA and NP treated with enzyme
The enzymatic treatment of BPA or NP was carried out according to the above
method except that 0.88 mM BPA, 0.92 mM NP, and 800 mU/ml MnP or laccase were
used. The estrogenic activlty of BPA or NP was evaluated by an in vitro screening test
for chemicals with hormonal activities using yeast, which has been developed by
Nishikawa et al. (1999). The transformed yeast Y190 with the pGBT9-estrogen receptor
ligand-binding domain (pGBT9-ER LBD) and pGAD424-Coactivator was provided by
Nishihara, Osaka University. In the yeast GAL4DNA binding domain-ERLBD and
GAL4 activation domain-coactivator fusion proteins were expressed from these
expression plasmids. TheY 190 harbors a GAL4 binding site upstream of a lacZ gene, so
that B-galactosidase activity corresponds to the strength of interaction between estrogen
receptor and coactivator. The protein-protein interaction between estrogen receptor and
coactivator was strictly dependent on the presence of estrogen (Nishikawa et al., 1999).
The yeast was grown overnight at 30°C with shaking (150 rpm) in 1 ml of SD
medium [26.7 g of a Minimal SD Base (Clontech Palo Alta, CA) per liter and 0.64 g of
a —Leu/-Trp DO Supplement (Clontech) per liter]. The 50 ul of overnight culture was
then added to 200 pl of fresh SD medium containing 2.5 pl of reaction mixture of BPA

or N treated with or without enzyme. After yeast cells were cultured for 4 h at 30°C in a



culture tube rotator (Type MBS-1B; EYELA, Tokyo, Japan) at 50 rpm, ODgqo of culture
was determined. The yeasts were collected by centrifugation (15000 rpm, 5 min) from
100 pl of culture andresuspendedin 200 pl of Z buffer [0.1 M sodium phosphate (pH
7.0), 10 mM KC1, 1 mM MgSOQOy] containing 0.54 ul of B-mercaptoethanol and 0.2 mg
of Zymolyase 20T (Seikagaku Corporation, Tokyo). Samples were incubated for
15 min at 30°C and then enzymatic reaction was started by addition of 40 pul of 4
mg/ml o-nitrophenyl-B-D-galactopyranoside. When a yellow color developed (30 min),
100 pl of 1IN NayCOs; was added to stop the reaction and OD4yy and ODssy of
supernatant after centrifugation (15000 rpm, 5 min) were determined. B-Galactosidase
activity (U) was calculated by the following equation:
U = (OD4y0 — 1.750Ds50)x 10°/tvODg00,

Where t is the time of reaction (30 min), v volume of culture used in assay (0.06 ml),
ODgo the cell density at the start of the assay, OD4;( the absorbance by 0-nitrophenol at
the end of the reaction and ODssg is the light scattering at the end of the reaction.
Relative estrogenic activity (%) is defined as the percentage of B-galactosidase activity
of enzyme-treated BPA or NP compared to that of untreated BPA (421+46.6 U) and NP

(613 £39.3 V).



3. Results and discussion

3.1. Disappearance of BPA and NP by treatments with ligninolytic enzymes

MnP is a heme peroxidase produced by whlite rot basidiomycetes fungi land expresses

the oxidation of phenolic compounds in the presence of Mn(Il) and H,O,. In the MnP

catalyzing oxidation, chelate complexes of Mn(III) with organic acid such as malonate,

lactate, or tartarate oxldize phenolic compounds, including lignin (Wariishi et al., 1992).

A fungal laccase is a multicopper oxidase and catalyzes one-electron oxidation of

phenolic compounds by reducing oxygen to water (Reinhammar, 1984). It has been

demonstrated that the substrate range of fungal laccase is extended in the presence of a

mediator such as HBT or 2,2’-azinobis(3-ethylbenzthiazoline-6-6sulfonate). The

so-called laccase mediator system has been applied for the oxidative breakdown of

lignin (Bourbonnais et al., 1997) and degradation of some environmental pollutants, e.g.

phosphorothiolates (Amitai et al., 1998) and polycyclic aromatic hydrocarbons

(Johannes et al., 1996; Pickard et al., 1999). Therefore, we applied three enzymatic

treatments, MnP, laccase and laccase-HBT system, to remove the estrogenic activities of

BPA and NP.

Both NP and BPA disappeared within a 1-h treatment with MnP. Laccase treatment

also removed BPA by 70% and NP by 60% in an hour (Fig. 1(A) and (B)). Laccase has

less ability to remove BPA and NP than MnP, but the addition of HBT in the laccase

treatment greatly improved its potential. The reaction of BPA and NP with laccase



occurs via direct enzyme-substrate interaction, therefore, the reaction strongly depends
on the substrate. On the other hand, Mn(IIl) chelate and HBT are involved in the
oxidative reactions of MnP and laccase-HBT system, respectively. These systems thus
can deal with a somewhat wider range of substrates than laccase. The half-lives of BPA
were estimated to be 2.5-4 days in receiving waters (Dorn et al., 1987). 80-90% of BPA
was converted into metabolites within a 3-h incubation by the resting-cell prepared from
a gram-negative aerobic bacterium MV1 (Spivack et al., 1994). In our preliminary
experiment, BPA and NP were treated with two of the best studied white rot fungi, P.
chrysosporium and T. versicolor, and we confirmed that most of both chemicals
disappeared in one week of culture (data not shown). Compared to the above reports,

the ligninolytic enzyme-treatments thus achieved more rapid removal of BPA and NP.

3.2. Removal of the estrogenic activities of BPA and NP by treatments with ligninolytic
enzymes

Although studies have been made on the biodegradation of BPA and NP, these
studies have dealt with the consumption or disappearance of the targeted chemicals. The
greatest concern for the biodegradation of an endocrine-disrupting chemical should be
focussed on the removal of its activity. We therefore attempted the estrogenic assay of
the reaction mixtures of BPA and NP during the enzymatic treatment using the

two-hybrid estrogenic assay system in yeast. This system was newly developed by



Nishikawa et al. (1999) and is based on the ligand-dependent interaction between
nuclear hormone receptor and coactivator. The method is rapid and has been confirmed
to be reliable for measuring estrogenic activity (Nishikawa et al., 1999). The estrogenic
activity of BPA remained at 40% and 20% in the reaction mixtures MnP and the
laccase-HBT system, respectively (Fig. 2(A)). Also, in the case of NP with MnP and
laccase treatment, 60% and 90% of its estrogenic activity remained after a 3-h treatment,
respectively (Fig. 2(B)). In contrast, it was conZ£rmed that no detectable level of
residual BPA or NP remained in the reaction mixtures (data not shown). These results
strongly indicate that the estrogenic assay is necessary in studies of the degradation of
endocrine-disrupting chemicals. The estrogenic activities of BPA and NP were almost
entirely removed by extension of the MnP and laccase treatments to 12 h (Fig. 2). The
laccase-HBT system removed approximately 80% of the estrogenic activity of NP in
just a 1-h treatment, and achieved almost complete removal of it within 6 h (Fig. 2(B)).
It should also be noted that the estrogenic activities of BPA and NP never regenerate
during any of the enzymatic treatments with MnP, laccase, or the laccase-HBT system,

even if extended to 48 h (data not shown).

3.3. Fate of BPA and NP by the enzymatic treatment
In the determination of residual BPA and NP during the enzymatic treatment by

HPLC equipped with an ODS column, we detected traces of unknown compounds,

10



presumably some degradation products, in the elution profiles of the reaction mixtures
after a 12-h treatment. However, their peak area was much less than the amount of
consumed BPA or NP, even if considering their absorption coefficients were different
(data not shown). The GPC analysis of the reaction mixture revealed that the reaction
products from BPA or NP were eluted faster than each chemical. It is reasonable that
formation of phenoxy radicals of these chemicals followed by radical coupling would
occur during the treatments with MnP, laccase, or the laccase-HBT system. The
coupling reaction occurs and the reaction products must lose structural characteristics of
acting as estrogens.

Fig. 3 shows typical GPC profiles of the treatment of BPA with MnP. After a 1-h
treatment, the reaction products were eluted faster than BPA, and further coupling
reaction proceeded during a 12-h treatment. The main products in the 12-h treated
mixture are roughly estimated to be BPA trimers and tetramers by using
dehydrogenative polymer of coniferyl alcohol (Mw roughly estimated to be 2500 D)
and profisetinidin tetramer (approximate Mw 1000 D). The fact shown in Fig. 2 that
40% of the estrogenic activity of BPA remained after a 1-h treatment may be due to the
degradation products from BPA keeping the structural key feature of acting as
estrogens.

In this report, we showed that ligninolytic enzymes, MnP and laccase, removed the

estrogenic activities of BPA and NP within 12 h and the laccase-HBT system did so

11



within 6 h. The mechanisms are explained by the polymerization and partial degradation
of the chemicals brought about by enzymatic oxidation. To our knowledge, this is the

first report dealing with the enzymatic removal of estrogenic activities of BPA and NP.
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Fig. 1. Disappearance of BPA (A) and NP (B) by enzymatic treatment with MnP,

laccase, or laccase-HBT system (symbols: (A) MnP; (H), laccase; (@), laccase-HBT
system).
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Fig. 2. Removal of estrogenic activities of BPA (A) and NP (B) by enzymatic treatment

with MnP, laccase, or laccase-HBT system (symbols: (A) MnP; (M), laccase; (@),
laccase-HBT system).
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Fig. 3. GPC analysis of the reaction mixture of BPA during treatment with MnP.

Marker A: dehydrogenative polymer of coniferyl alcohol (Mw roughly estimated to be
2500 D) and marker B: profisetinidin tetramer (approximate Mw 1000 D).
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