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Abstract Laccases (EC 1.10.3.2) are versatile multi-
copper oxidases so far found in higher plants, fungi,
insects, prokaryotes and lichens. In the present study, the
production of an extracellular laccase-like enzyme by the
coccoid green soil alga Tetracystis aeria was investigated
and the enzyme was partly characterized, thereby providing
the Wrst description of a laccase-like enzyme in soil algae.
Enzyme production in algae cultures was considerably
increased by addition of the fungal laccase inducer copper
sulphate. Maximal enzyme production was observed during
the stationary growth phase. Peroxidase or tyrosinase
activity was not detected. The native enzyme exhibits an
apparent molecular mass of about 212 kDa as observed with
size exclusion chromatography and about 210–260 kDa as
estimated by zymograms. The enzyme eYciently oxidizes
2,2�-azino-bis(3-ethylbenzthiazoline-6-sulphonic acid)
(ABTS), 2,6-dimethoxyphenol (2,6-DMP), syringaldazine
(SGZ) and the anthraquinone dye Acid Blue 62, while
guaiacol and Remazol Brilliant Blue R are only poorly
oxidized. The apparent kinetic parameters obtained for
ABTS, 2,6-DMP and SGZ oxidation are within the range
reported for fungal laccases. Oxidation of the phenolic

substrate 2,6-DMP displays a remarkably high pH optimum
(pH 8.0–8.5), which is interesting with respect to potential
biotechnological applications.

Keywords Algae · Laccase · Laccase-like enzyme · 
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Introduction

Eukaryotic soil algae can be found on nearly every kind of
terrestrial surfaces as well as in the air, including a range of
extreme environments (Seckbach 2007). Soil algae contrib-
ute to the formation and stability of soils and to energy and
matter Xuxes in soil ecosystems (Zancan et al. 2006). The
soil algal biomass approximately averages some hundred
kilograms fresh weight per hectare in temperate farmland
soils, which is about one order of magnitude lower than the
bacterial and fungal biomass (Oesterreicher 1990).1 Shtina
(1974) observed the algal biomass in fertile soil to be
renewed at least three times in a month (See footnote 1).

In soil food webs, algae are primary producers and serve
as food for soil fauna organisms like collembola (Scheu and
Folger 2004). Algae might positively or negatively inXu-
ence other soil organisms like bacteria and fungi and possi-
bly compete for nutrients (Safonova and Reisser 2005).
While adapting to diVerent habitats, algae might have
evolved new physiological capacities like desiccation toler-
ance, as has been shown for desert algae forming microbial
crusts (Cardon et al. 2008). Viable algal cells can often be
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found in aphotic layers of soils, where autotrophic growth
is excluded. Although heterotrophic growth of soil algae is
well known from laboratory cultures, its role for natural
environments remains unclear (Round 1984).

Green algae have been shown to biodegrade various
xenobiotics like triphenylmethane and azo dyes, p-nitro-
phenol and phenanthrene (Daneshvar et al. 2007; Acuner
and Dilek 2004; Lima et al. 2003; Safonova et al. 2005).
Algae were eVectively used for the treatment of wastewa-
ters from the paper industries without the need for co-sub-
strates and might turn out to oVer an alternative to fungal
wastewater treatment (Tarlan et al. 2002). In algae, pheno-
lic compounds may be metabolized via hydroxylation and
ring cleavage (Semple et al. 1999). However, the enzymes
involved in the degradation of the aforementioned com-
pounds by algae have not yet been characterized.

Laccases (EC 1.10.3.2, p-diphenol : O2 oxidoreductases)
are multi-copper oxidases which catalyze the one-electron
oxidation of a broad range of substrates. Radicals formed as
primary oxidation products from substrates like mono- and
polyphenols or aromatic amines may in turn react non-
enzymatically, leading to the cross-linking of monomers or
the decomposition of polymers (Claus 2004). Complex
polymers like lignin can be oxidized indirectly by the use of
low-molecular-weight compounds, called redox mediators
(Baldrian 2006). Natural functions of laccases include the
degradation as well as the biosynthesis of lignin. Laccases
are further thought to be involved in morphogenesis and
detoxiWcation processes and may inXuence immunity and
pathogenicity (Claus 2004). Laccases were also found to be
useful for a multitude of biotechnological applications, e.g.
in the food, textile, pulp and paper industries and in biore-
mediation processes (Riva 2006). Until now, laccases and
laccase-like multicopper oxidases were found in higher
plants, fungi, insects, prokaryotes and lichens (Claus 2004;
Lisov et al. 2007).

As yet, indications for the occurence of extracellular lac-
case-like phenoloxidases in algae are limited to the demon-
stration of the oxidation of typical laccase substrates
by cell-free culture supernatants of green microalgae
(La Russa et al. 2008), whereas information about structural or
catalytic properties of such enzymes is still missing. Spe-
cies of the green algal genus Tetracystis inhabit soils world-
wide (Ettl and Gaertner 1995) and therefore may be
considered as appropriate models to study algal phenolox-
idases in the context of soil environments. The coccoid
green soil alga Tetracystis aeria Brown & Bold strain SAG
89.80 (Chlorophyta, Chlorococcales) was isolated from air
over Pampa, Texas (USA) (Brown and Bold 1964). T. aeria
has also been described for Japanese soils and for contem-
porary glacier moraines in West Antarctica (Nakano 1983;
Massalski et al. 2001). The aim of the present study was to
investigate factors aVecting the production of an extracellu-

lar laccase-like enzyme by T. aeria strain SAG 89.80 and to
partly characterize the enzyme, thereby also Wrstly provid-
ing information about some structural and catalytic proper-
ties of laccase-like phenoloxidases in eukaryotic algae.

Materials and methods

Algal strain and culture conditions

Tetracystis aeria Brown & Bold strain SAG 89.80 [Culture
Collection of Algae at the University of Göttingen (SAG),
Germany] was grown axenically in Erlenmeyer Xasks con-
taining varying volumes (see below) of liquid mineral
medium (Bold’s Basal Medium, BBM; BischoV and Bold
1963), which consisted of NaNO3 (2.9 mM), KH2PO4

(1.3 mM), K2HPO4 (430 �M), NaCl (430 �M), MgSO4

(300 �M), CaCl2 (170 �M), Fe-Na2EDTA (25 �M), H3BO3

(3.2 �M), MnSO4 (1.5 �M), NaMoO4 (1.2 �M), ZnSO4

(0.7 �M), Co(NO3)2 (0.7 �M) and CuSO4 (0.4 �M). Flasks
were incubated at 90 rpm and 20°C, employing a light:dark
cycle of 14:10 h under light intensities of 86 �mol photons
m¡2 s¡1. For determination of extracellular enzyme activi-
ties cell-free culture supernatants were obtained after
10 days of cultivation, unless stated otherwise. Algal cells
were gently removed by centrifugation for 10–15 min at
3,000£g. Particles remaining in the supernatant were
removed by further centrifugation at 15,000£g for 10 min.

The potential laccase inducers o-dianisidine dihydro-
chloride (79 �M; puriWed for use with peroxidase and per-
oxidase-coupled reactions according to the supplier;
Sigma–Aldrich, St. Louis/MO, USA), p-xylidine (12 �M;
99% purity; Aldrich, Steinheim, Germany), syringaldazine
(SGZ; 0.2 �M; ¸98% purity; Sigma, Deisenhofen, Ger-
many), veratryl alcohol (1.0 mM; 96% purity; Sigma–Ald-
rich), guaiacol (18.2 �M; ¸98% purity; Sigma–Aldrich)
and vanillic acid (1.5 mM; 97% purity; Sigma–Aldrich)
were added to culture volumes of 15 ml after 1 day of culti-
vation. CuSO4 was added at 10, 20 and 30 �M to T. aeria
cultures at the beginning of incubation, in addition to the
basal CuSO4 concentration in BBM of 0.4 �M.

To determine cell-bound enzyme activities, cells grown
in culture volumes of 10 ml, which were supplemented
with 20 �M CuSO4 at the beginning of cultivation, were
mechanically disintegrated by vortexing for 10 min at max-
imum speed, using 2 ml tubes and glass beads (diameter
0.25–0.30 mm and 1.00–1.05 mm at a proportion of 3:1).

To obtain concentrated culture supernatants, cell-free
culture supernatants obtained from 28- to 31-day-old cul-
tures (culture volumes of 190–400 ml), which were supple-
mented with 20 �M CuSO4 at the beginning of cultivation
were Wltered through RC 55 Wlter papers (Whatman,
Dassel, Germany). Thereafter, Wltrates were 45-fold
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concentrated, using a 150 ml-stirred cell equipped with an
Omega polysulfone membrane (10 kDa cut-oV; Pall GmbH
Life Sciences, Dreieich, Germany).

Chlorophyll determination

Total chlorophyll (a and b) concentrations were determined
spectrophotometrically at 647 and 664 nm after extraction
with 80% acetone, using the equations of Ziegler and Egle
(1965).

Biochemical enzyme characterization

Enzyme activities were routinely determined following the
oxidation of 3.0 mM 2,2�-azino-bis(3-ethylbenzthiazoline-
6-sulphonic acid) (ABTS; 98% purity; Sigma) in 0.1 M cit-
rate/0.2 M phosphate buVer (pH 4.0) (Martin et al. 2007) at
25°C, using a Specord 250 spectrophotometer (Analytik
Jena, Jena, Germany) unless stated otherwise.

Where indicated in the text, H2O2 (4.4 mM), catalase
(»1,000 U ml¡1; from bovine liver; Sigma) and NaN3

(50 �M) were additionally included in the ABTS assay.
Dialysis of cell-free culture supernatants against distilled
water was performed with CelluTrans membranes (8–10 kDa
Cut-oV; Carl Roth, Karlsruhe, Germany) by shaking for
1 day at 20°C. For enzyme inactivation, samples were incu-
bated for 30 min in a boiling water bath. Laccase from Rhus
vernicifera (crude acetone powder; Sigma) was used as a
reference.

The pH dependence of the oxidation of ABTS (2.0 mM),
2,6-dimethoxyphenol (2,6-DMP; 2.0 mM; ¸97% purity;
Fluka, Buchs, Switzerland; Martin et al. 2007), SGZ
[20 �M; 99% purity; Sigma–Aldrich; �530 = 65 mM¡1 cm¡1

(Grassin and Dubourdieu 1989)], guaiacol [4.0 mM; 99.5%
purity; Merck, Darmstadt, Germany; �470 = 6.74 mM¡1

cm¡1 (Das et al. 1997)], as well as the anthraquinonic dyes
Remazol Brilliant Blue R [RBBR; 150 �M; 50% purity
(technical grade); Acros Organics, Geel, Belgium;
�590 = 12.7 mM¡1 cm¡1] and Acid Blue 62 (ABu62,
200 �M; 98% purity; Yorkshire Europe, Tertre, Belgium;
�590 = 15.2 mM¡1 cm¡1) by the concentrated culture super-
natant was followed at 25°C and wavelengths of 420,
470, 530, 470, 590 and 590 nm, respectively, using a
GENios+ microplate reader (Tecan, Crailsheim, Germany).
A pH range of 2.5–8.0 was obtained using 0.1 M citrate/
0.2 M phosphate buVer. For 2,6-DMP, a pH range of 7.0–
12.0 was additionally applied, using 0.04 M Britton-Robin-
son buVer (Britton and Robinson 1931). For RBBR and
ABu62, calibration curves were acquired to calculate the
extinction coeYcients given above.

Kinetic parameters were calculated upon non-linear
regression from the initial rates in oxidation of 0.5–
1,000 �M ABTS, 10–5,000 �M 2,6-DMP, 1–100 �M SGZ,

1–2,000 �M guaiacol, 2.5–150 �M RBBR, and 5–500 �M
ABu62 by the concentrated culture supernatant in 0.1 M
citrate/0.2 M phosphate buVer (pH 2.5 for ABTS, pH 3.0
for Abu62, pH 7.0 for SGZ, and pH 8.0 for guaiacol and
RBBR), or in 0.04 M Britton-Robinson buVer (pH 8.0 for
2,6-DMP) at 25°C, using the OriginPro 8G software (Orig-
inLab, Northampton/MA, USA). Enzyme activities were
corrected for blank values, which were obtained by using
assay buVer instead of the samples. Enzyme activities are
expressed as international units (U), where 1 U corresponds
to 1 �mol of substrate oxidized per minute.

The oxidation of 0.1 mM tyrosine (purity >99%; Merck)
by the concentrated culture supernatant was followed in
0.1 M citrate/0.2 M phosphate buVer at pH 3.0, 5.0 and 7.0,
using the GENios+ microplate reader described before at
available wavelengths of 270 and 492 nm. Additional
assays were carried out with 0.1 mM tyrosine at pH 3.0,
using a U-2001 two-beam spectrophotometer (Hitachi,
Tokyo, Japan) at commonly used wavelengths of 280
(Niladevi et al. 2008) and 490 nm (Laufer et al. 2006).

Protein concentrations were determined according to
Bradford (1976), with Bovine serum albumin serving as an
external standard.

Size exclusion chromatography (SEC) of the concen-
trated culture supernatant on a Superdex 200 10/300 GL gel
Wltration column (GE Healthcare, Munich, Germany) was
carried out on a BioLogic HR protein liquid chromatogra-
phy system (Bio-Rad, Munich, Germany), using 10 mM
sodium acetate buVer (pH 6.0) supplemented with 0.15 M
NaCl as an eluent at a Xow rate of 0.5 ml min¡1. LMW and
HMW Gel Filtration Calibration Kits (GE Healthcare) were
used for calibration.

Ion exchange chromatography (IEC) of the concentrated
culture supernatant on a MonoQ 5/50 GL anion exchange
column (GE Healthcare) was carried out on the BioLogic
HR system mentioned above at a Xow rate of 1.0 ml min¡1,
employing a linear gradient of 0–0.5 M NaCl in 10 mM
sodium acetate buVer (pH 7.0) as indicated in the text.

Fractions of 0.5 and 1.0 ml were collected during SEC
and IEC separations, respectively, and assessed for ABTS
oxidation activity. Fractions containing enzyme activity
were pooled as indicated in the text. Proteins in the pooled
fractions were precipitated with Wve volumes of acetone
(¡20°C). After centrifugation (8,000£g for 15 min at 4°C),
supernatants were discarded and the precipitates were
resuspended in 10 mM sodium acetate buVer (pH 6.0),
thereby achieving a 20-fold concentration with concomitant
removal of NaCl.

Discontinuous sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE) according to Laemmli
(1970) was performed in a Mini PROTEAN 3 cell (Bio-
Rad) with a stacking gel of 4% (w/v) acrylamide and
separating gels of 9 or 6% acrylamide, using premixed
123



762 Arch Microbiol (2010) 192:759–768
buVers (Bio-Rad). Samples were denatured by dilution
in one volume of Laemmli buVer (Bio-Rad) containing 5%
�-mercaptoethanol and subsequent boiling for 5 min prior
to electrophoresis. For zymogram analysis, �-mercap-
toethanol was excluded from the sample buVer and the boil-
ing step was omitted. Samples containing about 1.4–13 �g
of protein and 3.8–26 mU of enzyme activity (unless
boiled) were applied per lane. Gels were silver stained
using the Silver Stain Plus Kit (Bio-Rad) according to the
instructions of the supplier. For zymogram analysis, sam-
ples were applied twice. After electrophoresis gels were cut
and one of the obtained parts was silver stained, whereas
the other part containing identical samples was stained for
enzyme activity with 2 mM ABTS in 0.1 M citrate/0.2 M
phosphate buVer (pH 4.0). Apparent molecular masses
were estimated by reference to commercial molecular mass
marker proteins (High Range Silver Stain SDS-PAGE stan-
dards, either from Bio-Rad or from Sigma).

Isoelectric focusing (IEF) was performed on a Multiphor
II gel electrophoresis system (Pharmacia Biotech, Piscata-
way, USA) with Servalyt Precotes 3–10 (Serva, Heidel-
berg, Germany) according to the instructions of the
supplier. Isoelectric points (pI) were determined by com-
parison with the Liquid Mix IEF Marker 3–10 (Serva).
Marker proteins were stained with colloidal Coomassie
G-250 according to NeuhoV et al. (1988), and enzyme
bands were visualized upon activity staining with ABTS as
described above.

Results and discussion

ABTS oxidation activity of cell-free culture supernatants 
under various conditions

Cell-free culture supernatants derived from 10-day-old
T. aeria cultures were assessed for ABTS oxidation activity
under various conditions (Table 1). After dialysis of the
cell-free culture supernatant (8–10 kDa cut-oV), about 44%
of the original ABTS oxidation activity remained in the
retentate, lower than a value of about 64% obtained for the
R. vernicifera laccase. Boiling of the samples for 30 min
led to essentially complete losses of the ABTS oxidation
activities. The addition of catalase, which was intended to
eliminate H2O2 potentially present in T. aeria culture super-
natants, did not cause a signiWcant change of the respective
enzyme activity (though a high standard deviation of about
40% was recorded for the T. aeria samples). The decrease
of the ABTS oxidation activity of T. aeria culture superna-
tants, as observed upon addition of H2O2, indicates that the
responsible enzyme is not a peroxidase. Both plant and fun-
gal laccases have been shown to be inhibited by H2O2

(Niemetz and Gross 2003; Mai et al. 2000). ABTS oxida-

tion by the R. vernicifera laccase increased to about 181%
when H2O2 was included, possibly indicating peroxidase
impurities in this commercial enzyme preparation. NaN3

addition caused a substantial decrease in ABTS oxidation
activity of T. aeria culture supernatants, as would be
expected for a laccase (Wood 1980). All together, the
aforementioned observations are in favour of an extracellu-
lar enzyme displaying properties of a laccase.

Localization and production of the enzyme in T. aeria 
cultures

The cell-bound ABTS oxidation activity accounted for
27 § 7% (mean § SD for triplicate determinations) of the
total (cell-bound + extracellular) ABTS oxidation activity
of T. aeria cultures, as determined after a mechanical disin-
tegration of the algal cells. Hence, the ABTS oxidizing
enzyme appears to be preferentially located extracellularly.

Among six potential organic laccase inducers tested, the
addition of o-dianisidine dihydrochloride to 1-day-old
T. aeria cultures caused a signiWcant increase [P · 0.05,
according to one-sided Dunnett’s test (� = 5%)] in extracel-
lular ABTS oxidation activity at culture day 10
[177 § 46% (mean § SD for triplicate cultures) of the cor-
responding control value of 0.9 U l¡1]. Albeit not statisti-
cally signiWcant, enhanced ABTS oxidation activities were
also recorded for the well-known fungal laccase inducers
p-xylidine (Eggert et al. 1996) and SGZ (145 § 37% and
142 § 35% of the control value, respectively). Veratryl
alcohol and guaiacol caused no changes in ABTS oxidation
activity, whereas a decrease in enzyme activity was
observed upon addition of vanillic acid (105 § 47%, 103 §
14% and 46 § 4% of the control value, respectively).

Table 1 ABTS oxidation activities of cell-free culture supernatants
obtained from 10-day-old T. aeria cultures (15 ml culture volume)
after diVerent treatments

Laccase from R. vernicifera was included for comparison. Values rep-
resent means § standard deviations from triplicate experiments

*,**,*** SigniWcantly diVerent from the corresponding control value
according to two-sided Dunnett’s test (� = 5%; using Log-transformed
data; P · 0.05, 0.01 and 0.001, respectively)
a 100% refer to absolute values of 2.65 § 0.42 (T. aeria) and
95.7 § 3.7 U l¡1 (R. vernicifera)

Treatment ABTS oxidation activity (%)a

T. aeria R. vernicifera

Control 100.0 100.0

Dialysis 44.3 § 5.1** 64.4 § 4.7***

Boiling 2.1 § 1.9*** 0.1 § 0.2***

+Catalase 95.1 § 40.3 98.3 § 4.8

+H2O2 55.2 § 5.6* 181.2 § 23.6***

+NaN3 17.0 § 7.4*** 27.3 § 0.7***
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Addition of the well-established fungal laccase inducer
CuSO4 (Palmieri et al. 2000) led to a 7.0-fold increase in
extracellular ABTS oxidation, as compared to cultures
grown in normal BBM (Fig. 1). A considerably lower
enzyme activity recorded upon addition of 30 �M CuSO4

was probably due to toxic eVects of the metal. CuSO4 at
10 �M was ineVective. Normally, the total copper concen-
tration in surface soil solutions is only 0.01–0.6 �M (Baker
and Senft 1995).

When o-dianisidine dihydrochloride was additionally
applied to cultures containing varying CuSO4 concentra-
tions, enzyme activities essentially remained on the basal
level (Fig. 1). This contrasts previously reported synergistic
eVects of organic inducers and CuSO4 on laccase activities
(Junghanns et al. 2008) and might reXect an interference of
enzyme induction and toxic eVects of the inducers. Addi-
tion of o-dianisidine dihydrochloride to BBM without addi-
tional CuSO4 led to a less pronounced increase in enzyme
activity in this experiment (129 § 20% of the correspond-
ing value without o-dianisidine dihydrochloride) than was
observed in the aforementioned experiment (177 § 46%,
see above). This discrepancy may be due to a high biologi-
cal variability between individual cultures, as also indicated
by high SD values of the respective means and impedes to
establish a rank order of eYciency of the potential organic

inducers tested. Since the highest enzyme activities were
observed in presence of 20 �M CuSO4 without additional
organic inducers, this condition was used for enzyme pro-
duction in the following experiments.

The extracellular ABTS oxidation activities of copper-
induced cultures (75 ml culture volume), as well as the
algal biomass (measured as the total chlorophyll concentra-
tion), were monitored over 39 days. While the chlorophyll
concentration decreased after reaching a maximum of
14.8 § 1.8 �g ml¡1 (mean § SD for triplicate cultures) at
culture day 18, the enzyme activity continuously increased
until a maximum of 34.2 § 2.5 U l¡1 was reached at culture
day 32, which was maintained further on. Hence, maximum
enzyme production is linked to the stationary growth phase
of the algae as also reported for laccase production by
numerous fungi (Mansur et al. 2003).

Biochemical enzyme characterization

When cell-free culture supernatant was concentrated
45-fold by ultraWltration, the ABTS oxidation activity
increased from 22 § 1 to 995 § 284 U l¡1 (mean § SD for
triplicate determinations), corresponding to a complete
recovery of the enzyme activity (Table 2).

By SEC of the concentrated culture supernatant, one
peak containing the major ABTS oxidation activity, which
corresponded to 76% of the overall eluted enzyme activity,
was eluted between 23.5 (corresponding to fraction 24) and
29.5 min (corresponding to fraction 30) (Fig. 2a). The max-
imum ABTS oxidation activity was detected in the eluate
fraction corresponding to an apparent molecular mass of
about 212 kDa. Fractions 24–30 were pooled and subjected
to acetone precipitation prior to further analysis. After ace-
tone precipitation a speciWc activity of 0.8 U mg¡1 was
achieved, corresponding to a twofold puriWcation as based
on a speciWc activity of 0.4 U mg¡1 of the cell-free culture
supernatant. The yield of enzyme activity after SEC and
subsequent acetone precipitation was about 9%. Two minor
ABTS oxidation peaks, which corresponded to apparent
molecular masses of about 19 and below 13.7 kDa (the
molecular mass of the smallest standard protein used for
calibration), contained only 4 and 5% of the overall eluted
enzyme activity, respectively, and were excluded from
further investigations.

Fig. 1 Extracellular ABTS oxidation activities in 10-day-old T. aeria
cultures (15 ml culture volume) supplemented with diVerent CuSO4
concentrations at the beginning of cultivation (basal + added CuSO4
concentration is shown). Where indicated, o-dianisidine dihydrochlo-
ride (o-dian.) was additionally included at 79 �M after 1 day of culti-
vation. Data represent means § standard deviations from triplicate
cultures

Table 2 PuriWcation of the laccase-like enzyme from T. aeria by IEC

PuriWcation step Volume 
(ml)

Total protein 
(mg)

Total activity 
(U)

SpeciWc 
activity (U mg¡1)

Yield (%) PuriWcation 
(fold)

Culture supernatant 89.2 5.33 1.98 0.4 100 1

UltraWltration 2.0 0.99 1.99 2.0 100 5

IEC + acetone precipitation 0.5 0.09 0.66 7.0 33 19
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Concentrated culture supernatant was also subjected to
IEC on a MonoQ anion exchange column for puriWcation.
One major ABTS oxidation peak, which contained 70% of
the overall eluted enzyme activity and eluted between 18.5
(corresponding to fraction 19) and 21.5 min (corresponding
to fraction 22), was detected (Fig. 2b). Fractions 19–22
were pooled and subjected to acetone precipitation prior to
further analysis. The speciWc enzyme activity of the pooled
fraction increased to 7.0 U mg¡1, corresponding to a 19-fold

enzyme puriWcation and a yield of enzyme activity of about
33% (Table 2).

After SEC as well as after IEC, the total enzyme activi-
ties of the pooled fractions increased by 86 and 248% upon
acetone precipitation, respectively, as compared to the total
activities of the pooled fractions before acetone precipita-
tion. This eVect most likely indicates an inhibition of
enzyme activity caused by NaCl present in the SEC and
IEC elution buVers, which was removed during the acetone
precipitation procedure. Laccase inhibition by chloride ions
is known since a long time (Naki and Varfolomeev 1981).

Concentrated culture supernatant and pooled enzyme
fractions obtained from SEC and IEC puriWcation of the
concentrated culture supernatant were subjected to SDS-
PAGE under denaturing and under zymogram conditions
(Fig. 3). A single band of enzyme acticity, corresponding to
an apparent molecular mass above 200 kDa, was detected
for all samples in 9% polyacrylamide gel zymograms upon
activity staining with ABTS (Fig. 3a). Upon application of
samples to 6% polyacrylamide gels intended to obtain a
better resolution of large proteins, rather diVuse patches of
enzyme activity were observed, respectively (Fig. 3d). An
estimation of the corresponding apparent molecular masses,
as based on an extrapolation of the calibration curve pro-
vided by the concomitantly applied molecular mass mark-
ers, led to a range of about 210–260 kDa. This molecular
mass range covers the apparent molecular mass of the
enzyme of 212 kDa as determined by SEC (Fig. 2a).

Silver staining of the zymogram gels did not enable to
unambiguously identify protein bands corresponding to the
bands obtained upon activity staining with ABTS (Fig. 3a,
b, d, e). Weak protein bands were detected at migration dis-
tances also covered by the respective enzyme activity bands
for the concentrated culture supernatant and the SEC
samples (Fig. 3d, e). However, no such protein bands were

Fig. 2 SEC (a) and IEC (b) of the concentrated culture supernatant of
T. aeria. The ABTS oxidation activity, absorbance at 280 nm and the
NaCl gradient (b) are indicated. ABTS oxidation activities represent
means § standard deviations for triplicate determinations (a), or
means for duplicate determinations (b). 100% activity refers to abso-
lute values of 46.7 § 1.6 (a) and 44.3 U l¡1 (b). 100% absorbance
refers to absolute values of 0.15 (a) and 0.05 AU (b)

Fig. 3 Zymograms (a, b, d, e) and denaturing SDS-PAGE (c) of the
concentrated culture supernatant of T. aeria (1) and of enzyme pools
obtained from SEC (2) and IEC puriWcation of the concentrated culture
supernatant (3). Separating gels contained 9% (a–c) and 6% acrylam-

ide (d, e). Gel pieces were either silver stained (b, c, e), or stained for
enzyme activity with ABTS (a, d; arrows indicate activity bands).
Numbers indicate molecular masses (kDa) of marker proteins (M) and
apparent molecular masses of proteins detected in samples
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detected for the IEC samples, which provided the highest
purity of the enzyme. By colloidal Coomassie G-250 stain-
ing according to NeuhoV et al. (1988), no protein bands
corresponding to activity bands could be stained at all (data
not shown). The lacking of protein staining by these tech-
niques, as well as the appearance of rather diVuse activity
spots in 6% polyacrylamide gels, may be due to a high
degree of glycosylation and the presence of multiple glyco-
forms of the enzyme protein (Møller and Poulsen 2002;
Rehm and Letzel 2010). All laccases described so far are
glycoproteins (Baldrian 2006; Mayer and Staples 2002).

After denaturing SDS-PAGE, one major protein band,
corresponding to an apparent molecular mass of 37 kDa,
and two less intense protein bands, corresponding to appar-
ent molecular masses of 35 and 32 kDa, were detected for
all samples (Fig. 3c). No protein bands with apparent
molecular masses above 116 kDa (the molecular mass of
the largest protein standard applied) were detectable. The
results of zymogram analysis and SDS-PAGE all together
indicate that the enzyme is most likely an oligomeric pro-
tein, possibly composed of six monomers. It remains to be
elucidated whether the enzyme is a heterooligomer, since
the enzyme identity of the protein bands detected after
SDS-PAGE (Fig. 3c) is presently unknown. Most laccases
described so far are monomeric proteins, with typical
molecular masses of 60–70 kDa for fungal (Baldrian 2006)
and around 100 kDa for plant laccases (Sterijades et al.
1992; Nitta et al. 2002). Several oligomeric laccases have
been described in fungi (see Giardina et al. 2009 for
review). For instance, the ascomycete Podospora anserine
produces a heterooligomeric laccase of about 390 kDa
(Durrens 1981). Homodimeric fungal laccases were more
often described, e.g. from basidiomycetes like Trametes
villosa (subunits of 63 kDa; Yaver et al. 1996) and from the
aquatic ascomycete Phoma sp. UHH 5-1-03 (subunits of
76 kDa; Junghanns et al. 2009). In lichens, homodimeric
laccases (from Solorina crocea and Peltigera aphthosa) as
well as a homotetrameric laccase (from Peltigera malacea)
were found (subunits of 76, 97, and 85 kDa, respectively;
Lisov et al. 2007; Laufer et al. 2006). Apparent molecular
masses between about 140 and more than 350 kDa appear to
be typical for native laccases from lichens (Laufer et al. 2009).

By IEF and subsequent enzyme activity staining, spots
of enzyme activity with a partially ladder-like pattern
focused for all samples in an aIcidic pH range around pH
4.5–5.2, with predominant enzyme activity spots referring
to a p of about 4.8 (Fig. 4). Further, distinct but weak activ-
ity bands were detected with pI values of about 5.7, both for
the concentrated culture supernatant and the SEC sample
(Fig. 4). Possibly, the enzyme activity applied within the IEC
sample was too low for detection of respective activity bands
potentially also present in IEC samples. The pI of typical
fungal laccases is around 4.0 (Baldrian 2006). Acidic

pI values around 5.0 have also been found for lichen and plant
laccases (Laufer et al. 2006; Sterijades et al. 1992).

Kinetic properties in oxidation of selected substrates
were determined with the concentrated culture supernatant.
This approach seems justiWed, since no essential diVerences
between ABTS-stained zymograms of the concentrated cul-
ture supernatant and those of samples from SEC and IEC
separations were observed. ABTS was increasingly oxi-
dized with decreasing pH values, while 2,6-DMP and SGZ
exhibited bell-shaped pH-proWles as has often been
described for laccase-catalyzed reactions (Baldrian 2006)
(Fig. 5). SGZ was most eYciently oxidized in the range of
pH 6.0–8.0, with maximal oxidation at pH 7.0. A broader
pH range was examined for 2,6-DMP, in order to comprise
the pH optimum of its oxidation. 2,6-DMP was converted
over a broad pH range of 5.0–10.0, showing an alkaline
optimum in oxidation at pH 8.0–8.5. Such high pH optima
in substrate oxidation are only known from a few fungal
(Baldrian 2006) and some bacterial laccases (Ruijssenaars
and Hartmans 2004) and the laccase from the plant R. ver-
nicifera (pH optimum of 9.0 towards SGZ; Johnson et al.

Fig. 4 IEF of the concentrated culture supernatant of T. aeria (1),
enzyme pools obtained from SEC (2) and IEC puriWcation of the con-
centrated culture supernatant (3), and marker proteins (M). Gel pieces
were either stained for enzyme activity with ABTS (1-3) or colloidal
Coomassie G-250 stained (M). Numbers indicate pI values of marker
proteins and of proteins detected in samples
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2003). The activity at high pH might be of advantage with
respect to potential biotechnological applications of the
enzyme. The quantiWcation of the enzyme activities
towards ABu62, RBBR and guaiacol involved considerable
errors of measurement, caused by very low absorbance
changes during the photometric determinations. Oxidation
was maximal at pH 3.0 for ABu62 and at pH 8.0 for both
RBBR and guaiacol. No oxidation of tyrosine by the con-
centrated culture supernatant of T. aeria was detected and
hence tyrosinase activity can be excluded. Tyrosinases are
not known from algae (Laufer et al. 2006).

The oxidation of ABTS, ABu62 and 2,6-DMP followed
typical Michaelis–Menten kinetics (all correlation coeYcients
¸0.96), while for SGZ oxidation the application of the Hill
model yielded a better Wt with the obtained data (correlation
coeYcient >0.99) than Wtting according to Michelis-Menten
kinetics. It remains to be clariWed whether this observation
reXects cooperative enzyme kinetics or was merely caused by
an aberration of the recorded data. For both asco- and basidio-
mycete laccases, the oxidation of ABu62 could suYciently be
described with the Hill model in previous studies, but the rea-
sons for such eVects are still not clear (Junghanns et al. 2009).
For guaiacol and RBBR, no suYcient Wt with the obtained
data was achieved (correlation coeYcients <0.64).

Among the tested substrates, the T. aeria enzyme
showed the highest aYnities for SGZ and ABTS, followed
by ABu62 and 2,6-DMP (Table 3). The catalytic eYciency
(in terms of the Vmax/KM ratio) was by far highest for ABTS
and followed the rank order ABTS > SGZ > ABu62 > 2,6-
DMP. The observed aYnities of the enzyme towards the
common laccase substrates ABTS, SGZ and 2,6-DMP, as
well as the rank order of the respective catalytic eYciencies

resemble data typically reported for extracellular fungal
laccases (Baldrian 2006). Along with the absence of tyrosi-
nase activity, the kinetic properties of the T. aeria enzyme
are in strong support of a laccase-like enzyme.

Conclusions

The ability to oxidize phenolic substrates and the anthraqui-
nonic dye ABu62 indicates potential biotechnological
applications of the enzyme concerning the treatment of
eZuents contaminated with phenolics and/or synthetic

Fig. 5 pH dependence of the 
oxidation of various substrates 
by the concentrated culture 
supernatant of T. aeria in 0.1 M 
citrate/0.2 M phosphate (Wlled 
circles) and 0.04 M Britton-
Robinson buVer (empty circles; 
only applied for 2,6-DMP). Data 
represent means § standard 
deviations for triplicate determi-
nations. 100% refer to absolute 
values of 212.3 (ABTS), 10.8 
and 15.1 (2,6-DMP in 0.1 M cit-
rate/0.2 M phosphate and 
0.04 M Britton-Robinson buVer, 
respectively), 3.9 (SGZ), 5.5 
(ABu62), 2.1 (RBBR) and 
0.8 U l¡1 (guaiacol)

Table 3 Apparent kinetic parameters (§ standard errors for KM, S0.5
and Vmax values, respectively) of the laccase-like enzyme from T. aeria
for various substrates, as determined with the concentrated culture
supernatant

a The Michaelis–Menten model was applied to determine KM, and
Vmax values of ABTS, ABu62, and 2,6-DMP oxidation (all correlation
coeYcients ¸0.96). For the oxidation of SGZ, application of the Hill
model yielded a better Wt (correlation coeYcient >0.99) with the ob-
tained data than application of the Michaelis–Menten model. The Hill
model was therefore used to calculate the half-saturating substrate con-
centration (S0.5), as well as the Vmax and the Vmax/S0.5 values for SGZ
oxidation
b The total protein concentration of the concentrated culture superna-
tant was used to calculate the respective Vmax values

Substrate KM or S0.5 
(�M)a

Vmax 
(U g¡1)b

Vmax/KM or 
Vmax/S0.5 (h

¡1  g¡1)a

ABTS 51.9 § 8.4 319.6 § 12.0 369.5

SGZ 51.8 § 9.8 20.2 § 2.6 23.4

ABu62 366.9 § 166.5 35.9 § 8.7 5.9

2,6-DMP 1,702.9 § 124.2 71.5 § 2.3 2.5
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dyes, provided that suYciently high amounts of the enzyme
could be produced, e.g. by its expression in heterologous
hosts. Concerning potential biotechnological applications
of soil algae in general, especially those adapted to unfa-
vourable environments might turn out to oVer a source of
biotechnologically interesting enzymes.

Regarding laccases isolated from lichens harbouring
green algae, the occurence of laccase-like enzymes in green
algae puts forth the possibility that both the algal as well as
the fungal symbionts may potentially account for the pro-
duction of such enzymes.

The biological function of the T. aeria enzyme is still not
clear. Potential functions might be related to the degradation
of toxic phenolic substances in soil or to pathogen defence,
as postulated for laccases from other organisms (Claus
2004). Similar to fungal laccases, a role related to the degra-
dation of lignocellulosic substrates in soils may also be con-
sidered, which could support a mixo- or heterotrophic
nutrition of the alga in various ways. Brown and Bold (1964)
found that T. aeria is able to extracellularly metabolize starch
and to grow heterotrophically with glucose or fructose as a
carbon source. Literature data also suggest that many micro-
algae can not only aerobically metabolize phenolic com-
pounds but also grow on them in the light and/or in the dark
(Lika and Papadakis 2009). Phenolic compounds may be
released from lignocellulosic substrates through the action of
laccases and other lignin-modifying enzymes. When released
into the environment, the T. aeria enzyme may oxidize suit-
able organic substrates and thus contribute to the turnover of
soil organic matter (Baldrian 2006). Although the extracellu-
lar localization of the major proportion of the enzyme activ-
ity is not in favour of a potential function of the T. aeria
enzyme in cell wall formation, this possibility cannot totally
be ruled out. Laccases have been implicated in lignin forma-
tion in higher plants (Mayer and Staples 2002). However,
lignin-like compounds have not been described in green
algae except for the Charophyceae (Delwiche et al. 1989).
More detailed investigations addressing structural and cata-
lytic properties of the T. aeria enzyme would help to clarify
the question of its natural function and concomitantly con-
tribute to a better understanding of the physiology of soil
algae and their potential impacts on terrestrial ecosystems.
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